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EXECUTIVE SUMMARY

NASA's strategic objective in planetary science is to determine the content, origin, and evolution of
the Solar System and the potential for life elsewhere (2074 NASA Science Plan). Astrobiology
research sponsored by NASA focuses on three basic questions: How does life begin and evolve?
Does life exist elsewhere in the Universe? What is the future of life on Earth and beyond? Over the
past 50 years, astrobiologists have uncovered a myriad of clues to answering these Big Questions.

Since the astrobiology community published its last roadmap in 2008, research in the field has
focused more and more on the link between the “astro” and the “bio” in astrobiology—that is, what
makes a planetary body habitable. “Habitability” has become a major buzzword in astrobiology as
researchers have learned more about extraterrestrial environments in our Solar System and
beyond and deepened their understanding of how and when the early Earth became habitable.

Why is Earth habitable? How, when, and why did it become habitable? Are, or were, any other
bodies in our Solar System habitable? Might planets orbiting other stars be habitable? What sorts
of stars are most likely to have habitable planets? These are just a few of the questions that
astrobiologists are trying to answer today.

In preparing this new science strategy, hundreds of members of the astrobiology community
collaborated in an intensive process of defining goals and objectives for astrobiology research
moving forward. The community identified six major topics of research in the field today:

* Identifying abiotic sources of organic compounds

* Synthesis and function of macromolecules in the origin of life

* Early life and increasing complexity

*  Co-evolution of life and the physical environment

* Identifying, exploring, and characterizing environments for habitability and
biosignatures

* Constructing habitable worlds

This science strategy identifies questions to guide and inspire astrobiology research on each of
these topics—in the lab, in the field, and in experiments flown on planetary science missions—over
the next decade. The strategy also identifies major ongoing challenges that astrobiologists tackle
as they attempt to answer these universal questions.

Progress and accomplishments in each of these areas of research over the past ten years are
detailed in each of the successive chapters of this document.

What follows is a brief summary of the topics described in depth in Chapters 1-6 of this strategy.

| EXECUTIVE SUMMARY
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Identifying Abiotic Sources of Organic Compounds

Where did the building blocks of life come from? A major goal of research on this topic in
astrobiology is to understand how the abiotic (non-biological) production of small molecules led to
the production of large and more complex molecules, prebiotic chemistry, and the origin of life on
Earth. This line of research also aims to understand what roles primitive icy bodies (asteroids and
comets) play in the origin of life on habitable planets and whether life or prebiotic chemistry could
or did evolve on differentiated (altered) icy worlds such as Enceladus, Europa, and Titan.
Understanding the production of molecules in various endogenous (planetary) environments, as
well as in exogenous (space) environments with the associated delivery of extraterrestrial
molecules to planetary surfaces, is critical for establishing the inventory of ingredients from which
life originated on Earth.

Synthesis and Function of Macromolecules in the Origin of Life

On Earth, macromolecules—specifically, proteins and nucleic acids—form the catalytic and genetic
means for life to sustain itself. Macromolecules evolve—that is, they change over time—thus
meeting another criterion for recognizable life.

The macromolecules (large, complex molecules, or polymers) of Earth-based life are composed of
a small subset of all potential chemical building blocks (smaller organic molecules, or monomers).
It is likely that the exact components of these macromolecules are accidental. It also is possible
that macromolecules formed from different selections of smaller molecules could characterize other
living systems. Thus, it is crucial to characterize the overall chemical underpinnings of the
processes that lead to the function and persistence of evolvable macromolecular systems. As part
of this effort, it is necessary to identify interactions, intermediary structures and functions, energy
sources, and environmental factors that contributed to the diversity, selection, and replication of
these systems.

These macromolecules are uniquely capable of the structural, catalytic, and genetic functions
required for life. The diverse chemical alphabet of 20 amino acids found in Earth life leads to protein
architectures that are capable of structural transitions essential to catalytic functioning. Catalysis
can be carried out by nucleic acids and proteins. In general, protein catalysis is more efficient than
nucleic acid catalysis. Nucleic acid catalysts found in life today are thought to be “living fossils” of
an earlier system.

From a broader perspective, these polymers can be seen not only as the information- and function-
carrying molecules in life on Earth but also as information- and function-carrying molecules for life
on any planet. As such, questions of whether and how polymers transmit information and fold to
generate function are of interest.

To further refine understanding of life’s origins and early chemical evolution, researchers must
continue to map the chemical landscape of potential primordial informational polymers. The advent

EXECUTIVE SUMMARY |
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of polymers that could replicate, store genetic information, and exhibit properties subject to
selection likely was a critical step in the emergence of prebiotic chemical evolution. Astrobiologists
thus must focus on developing an understanding of macromolecule synthesis, stability, and function
in the context of plausible prebiotic conditions and environments.

Early Life and Increasing Complexity

Understanding the history of life on Earth is key to a full understanding of what life is and how it
works. Over four billion years, life on Earth has generated an extraordinary range of organizational
plans, creating the immense variety that operates on Earth today. Astrobiologists face the challenge
of deciphering overarching rules for evolutionary processes, drawing on theory and observation to
make a general model of life.

Recognizing life on other planets depends on how scientists define life. However, defining life has
proved problematic because it is unclear where to draw the boundary between living and non-living
entities, or whether drawing such a boundary is the best way to frame the issue. For example, self-
replicating RNA, viruses, and prions are alive by some definitions but not by others. The lack of a
precise boundary between living and non-living entities today mirrors a similarly fuzzy divide at the
origin of life. Identifying which attributes of life are likely to be common to all origins, and which are
context-dependent, will enable better predictions about the possible nature of life on other planets.

Co-Evolution of Life and the Physical Environment

Life affects its environment. At the same time, the environment affects life. Astrobiologists are
focused on understanding the relationship between life and environment well enough to inform the
search for potentially habitable environments beyond Earth. Examples of major transitions in
biological evolution that affected our planet include the origins of photosynthesis, multicellularity,
and intelligent life. Major changes in the physical state of the planet that have affected biology
include the emergence of plate tectonics and continents, as well as climatic transitions such as
“Snowball Earth” episodes.

Studying the co-evolution of life and environment informs other lines of research in astrobiology in
three major ways. First, the delivery of abiotic organic compounds to Earth and the development of
prebiotic chemistry on Earth can be thought of as the first environmental influences on life. Second,
as early life evolved increasing complexity, its interactions with the planet would have increased in
diversity, eventually developing into complex feedback systems. Studying Earth’s co-evolutionary
past can improve understanding of habitability on Earth and Earth-like planets. Third, studies of
other planets—both real and hypothetical—inform and benefit from work on the intimate
interactions between life and its physical environment.

| EXECUTIVE SUMMARY
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Identifying, Exploring, and Characterizing Environments for Habitability and
Biosignatures

Identifying and characterizing habitable or inhabited environments requires the synthesis of
information from a large range of spatial scales. Astrobiologists are focused on the goal of
determining whether a particular environment was or is presently habitable and whether it was or
is able to generate and support life. Habitability indicators, including biosignatures, must be
interpreted within a planetary and environmental context. The aim is to understand how habitable
worlds and environments form and evolve, better understand the range of parameters that influence
habitability, and determine how to detect, confirm, and characterize habitable environments.

The development of new tools for determining the relative habitability of either present or ancient
environments within the Solar System will facilitate target selection for future planetary missions.
These tools also will enable researchers to prioritize exoplanets for targeted follow-up observations
of potential habitability.

Constructing Habitabhle Worlds

Earth is the only inhabited world we know thus far. Missions to explore other worlds are searching
for others. In addition to Solar System bodies, astrobiologists now have a growing catalogue of
planets orbiting other stars to explore as potentially habitable, all with diverse and potentially exotic
chemistries and environments. They now face the challenge of determining whether limited
experience with habitability, on Earth alone, has limited understanding of the basic set of
requirements for a habitable world or whether this experience serves as a helpful guide for the
search for life beyond Earth.

Habitability has been defined as the potential of an environment (past or present) to support life of
any kind. Liquid water is a necessary but not sufficient condition for life as we know it. Habitability
is a function of a multitude of environmental parameters whose study is biased by the effects that
biology has on these parameters. Habitability may be a matter of degrees, depending on how much
diversity, productivity, or spatial cover of life that an environment supports.

A habitable environment is one with the ability to generate life endogenously—solely using
available resources—or support the survival of life that may arrive from elsewhere. Whether a
planet will emerge as habitable depends on the sequence of events that led to its formation—which
could include the production of organic molecules in molecular clouds and protoplanetary disks,
delivery of materials during and after planetary accretion, and the orbital location in the planetary
system. Habitability provides the context for understanding possible signs for life. A deeper
understanding of habitability provides context for interpreting the significance of presumed
biosignatures, or their absence.

EXECUTIVE SUMMARY |
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Conclusion

Given NASA's focus on the search for planets and life, astrobiology will be the focus of a growing
number of Solar System exploration missions. Astrobiology research sponsored by NASA will
continuing pushing science closer to answering the Big Questions in space science: Where did we
come from? Where are we going? And are we alone?

|  EXECUTIVE SUMMARY
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INTRODUCTION

JOHN BAROSS

The first astrobiology roadmap (Des Marais et al., 2008) served as a guideline to advance research
on three basic questions: how does life begin and evolve? does life exist elsewhere in the universe?
and what is the future of life on Earth and beyond? The roadmap identified seven goals that
expanded on these three basic questions while maintaining life as the driving theme. Thus, the life
sciences became a central component of future missions to planetary bodies in our Solar System
and beyond and in theories and models of the origin of the universe. It also advocated research to
better understand life on Earth: its origin, evolution, history, diversity, and limits, with the primary
goal of increasing the probability for detecting life elsewhere. The scientific discoveries that were
part of the backdrop of the first roadmap were also implicit in pointing out one of the guiding
principles of astrobiology: it involves questions and issues that are multidisciplinary and that require
an interdisciplinary approach to address.

The new NASA Astrobiology Strategy document is a reflection of the many science advancements
during the past seven years. These include advancements in our understanding of the potential
habitability of planets and moons in our Solar System and beyond and a deepened understanding
of how, when, and under what environmental conditions the early Earth became habitable. These,
along with new advancements, will help address many key questions including: Are, or were, any
other bodies in our Solar System habitable? Might planets orbiting other stars be habitable? What
sorts of stars are most likely to have habitable planets? These are just a few of the questions that
astrobiologists are trying to answer today. The advancement of research addressing these and
other habitability questions is part of NASA’s ongoing exploration of our stellar neighborhood and
the identification of biosignatures for in situ and remote sensing applications.

While astrobiology at NASA is a research and analysis activity, rather than mission development
and operations, the advancements made in astrobiology have resulted in an inseparable link to
planetary exploration missions. This is due to the continuing expansion of knowledge about life,
habitability, and the co-evolution of life and its environments. Consequently, astrobiology will have
a greater focus on such missions. This is already evident in current and planned missions to Mars
and icy moons of Saturn and Jupiter. The spectacular accomplishments of the Mars rovers have
greatly advanced our understanding of the geological and geochemical history of Mars and in the
selection of sites for future missions that have the greatest potential for past or present habitability.
The Mars Atmospheric and Volatile Evolution mission (MAVEN) that commenced in September
2014 is providing insight into the history of climate change on Mars. The data generated will provide
astrobiologists with a glimpse of Mars’ past when there were bodies of liquid water and potential
habitable environments. Astrobiologists are also involved in planning for NASA’s next Mars Lander
mission, Mars 2020, and the European Space Agency’s ExoMars mission. Both missions have the
goal of searching for biosignatues of life by exploring martian environments including its
subsurface.

INTRODUCTION |
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Similarly, spectacular discoveries have and are still being made by Cassini-Huygens mission to
Saturn’s moons, Titan and Enceladus. Both moons offer astrobiologists the opportunity to explore
the possibility of habitability in liquid bodies that include hydrocarbon lakes on Titan and a salty,
liquid subsurface ocean on Enceladus. Cassini captured water-ice crystals erupting from
Enceladus’ surface plumes for chemical analysis. The presence of a wide range of organic
compounds and ammonia indicates their source may be similar to the water/rock reactions known
to occur on Earth and that are known to support life. These water/rock reactions, which may be the
result of tidal-heating, may also be occurring on Jupiter's moon Europa. Future astrobiology-led
missions will further explore the potential for these and other icy moons to support life, as we know
it, while increasing our understanding of the diversity of potential geophysical processes that might
be linked to chemical steps involved in the origin of life.

Beyond our Solar System, thanks to observations by NASA's Kepler planet-hunting spacecraft, an
astrophysics mission launched in 2009, astrobiologists now have an exploding tally of exoplanets
to study and characterize, many within their star system’s habitable zone. (While the habitable zone
is currently defined as the region around a star in which a planet could sustain liquid water on its
surface, it is worth noting that astrobiologists are debating whether this definition should be updated
based on what they have learned in the last few years.) Present and future research will focus on
new instrumentation and models to further characterize Earth-like exoplanets including a broader
spectrum of gases and particles in the atmosphere as well as an assessment of important
geological properties including volcanism and the potential for plate tectonics.

The origin and early evolution of life is another exciting key focus of astrobiology research. There
are three components of these research efforts which include (1) understanding the sources of the
organic building blocks of life and how they react to form the canonical macromolecules of life
including nucleic acids, proteins, and lipid membranes; (2) taking advantage of advancements in
molecular biology and biochemistry to better understand the diversity and evolutionary history of
extant microbes as a window into better understanding the physiologies, including metabolisms, of
the earliest organisms; and (3) merging the results from (1) and (2) to better constrain the
environmental conditions that can spawn life. Astrobiology is also committed to understanding the
boundary conditions for life on Earth and whether or not those boundary conditions can be
expanded to include extraterrestrial environments not found on Earth. While considerable
emphasis in astrobiology has been on the detection of microbial life on planets and moons in our
solar system, the search for life on exosolar planets has the additional focus to better understand

the origin and evolution of complex life and its co-evolution with the environment throughout Earth’s
history. It is possible that an Earth-like exoplanet will be discovered that is in some transition period

similar to one of those that Earth experienced during its four billion year history. It also follows that
astrobiology is interested in the future of life on Earth and beyond.

Below is a list of goals for the astrobiology-community that will help us meet the challenges we face
over the coming decade. If we meet these goals, the impacts will be profound. Most directly, this
will improve our research products on the origins, evolution, and future of life on Earth and on the
abundance of habitable and inhabited environments beyond our home planet. Additionally, the
individuals that lead us past these obstacles will take on other challenges in other disciplines and,
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as they do so, will bring with them the successful strategies they develop for communicating across
disciplinary boundaries and at the forefront of knowledge of humanity’s place in the cosmos.

Foster Interdisciplinary Science. Astrobiology is multidisciplinary in its content and
interdisciplinary in its execution. Its success depends critically upon the close coordination of
diverse scientific disciplines and programs, including space missions.

* Understand linkages between geology, climate and life

* Coordinate field/mission observations, laboratory experimentation and theory
* Enhance effective communication between scientists and technologists

*  Promote collaborations between government offices and agencies

* Enhance the ability of society to address important challenges that require

interdisciplinary approaches.

Enhance NASA’s Missions. Astrobiology research and technology programs help NASA’s
missions determine the distribution of habitable environments and life in the Universe and thereby
deepen our understanding of the origins, evolution, and fundamental nature of life.

* Research analog environments to understand processes underlying habitability

* Develop more effective proxies for life (biosignatures) and environments
(“envirosignatures”).

Promote Planetary Stewardship. Astrobiology encourages planetary stewardship through an
emphasis on understanding relationships between life and its environment, protections against
forward and back biological contamination, and recognition of ethical issues associated with
exploration.

* Understand interactions between biological activity and environmental change at
several spatial scales (e.g., has synergy with other government, etc. programs on the
anthropocene)

*  Support planetary protection efforts (comply with international agreements)
* Constrain human exploration (minimize adverse impacts on other planetary

environments).

Enhance Societal Interest and Relevance. Astrobiology recognizes a broad societal interest in
its endeavors, especially in areas such as achieving a deeper understanding of life, searching for
extraterrestrial biospheres, assessing the societal implications of discovering other examples of
life, and envisioning the future of life on Earth and in space.

* Act upon the public interest to understand our place in the Universe and broaden
understanding of life
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* Sustain the human imperative to explore the unknown.

Inspire Future Generations. The intrinsic public interest in astrobiology offers a crucial opportunity
to educate and inspire future generations of scientists, technologists, and informed citizens. Thus,
a strong emphasis upon education and public outreach is essential.

* Enhance the interest in science and technology to the benefit of our society

* Enhance critical and creative thinking in all fields of inquiry.

NASA continues to be the lead agency of astrobiology research in the United States. In addition,
NASA collaborates with other agencies such as the National Science Foundation and with the
growing number of nations that are engaging in planetary exploration and the search for evidence
of life beyond Earth. Looking into the future, astrobiology will be the focus of a growing number of
Solar System exploration missions, as astrobiologists keep finding new potentially habitable
environments inside and outside our Solar System.

Research accomplishments over the past five years have guided the astrobiology community in
developing a new science plan for the field, detailed in this report. What follow is a series of
discussions of recent astrobiology research accomplishments and a vision for research over the
next decade. Major discoveries in science are typically the result of a long line of seemingly small
but significant findings. Over the past five years, astrobiologists have produced a rich array of
findings that, ultimately, will help to answer the big questions in the field.
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UPDATES TO THE ROADMAP

FRANK ROSENZWEIG

SUMMARY

Over the past year, NASA Astrobiology
Mission Directorate has sponsored a
grass-roots effort to develop a decadal
Strategic Plan that is aspirational,
inspirational, and inclusive. The path
toward this goal has now passed
through four stages: public review of the
2008 Roadmap, formulation of concept
papers describing science that
astrobiologists “would like to write or to
read about 10 years from now,” public
discourse on these concept papers, and
integration of concept papers into six
thematic documents: Identifying abiotic
sources of organic compounds;
Synthesis and function of

Early life and increasing complexity;
Co-evolution of life and the physical
environment; Identifying, exploring, and
characterizing environments for
habitability and biosignatures; and
Constructing habitable worlds. The final
stage in developing the new
Astrobiology Strategic Plan will be to
assemble these thematic documents
into a draft Roadmap that will be revised
following review by NASA Advisory
Council. Because achievement of this
goal has been a community effort, the
process of creating the new decadal
Plan embodies the proverb, “Artiis I,
Science is We.”

macromolecules in the origin of life;

Astrobiology Strategic Plan: Updating the Astrobiology Roadmap

The 2008 Astrobiology Roadmap has brought clarity to the scientific scope and mission of NASA’s
Astrobiology Program, and has guided principle investigators along the path toward answering
fundamental questions such as: How did life on Earth emerge and how did early life evolve with its
changing environment? What are the environmental limits of life as we know it? By what
evolutionary mechanisms does life explore the adaptive landscape shaped by those limits? What
principles will shape life in the future? Do habitable environments exist elsewhere in the Universe?
and By what signatures may we recognize life on other worlds as well as on early Earth?
Programmatic output can be measured in terms of new knowledge, human resources, public
outreach, and intellectual property. Over the past Roadmap cycle NASA’s Astrobiology Program
teams have generated more than 5,000 original peer-reviewed publications and trained hundreds
of graduate and post-graduate students in core STEM disciplines: Physics, Chemistry, Biology,
Mathematics, and Computer Science. NASA'’s Astrobiology Program teams have projected NASA-
sponsored research into the nation’s K-12 schools, have stimulated public awareness of and
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interest in science by circulating hundreds of press releases, blogosphere entries, and tweets and
have served as the focus of dozens of reports in mainstream media outlets such as the BBC, New
York Times, Discover, and National Geographic. Finally, NASA Astrobiology funding has spawned
a dozen invention disclosures and patents and catalyzed at least one new start-up company. By all
these metrics, NASA’s Astrobiology Program can be accounted as a resounding success, a
testament to the utility of constructing and implementing a Strategic Plan as well as to the energy
and ingenuity of NASA Pls.

Over the past year, NASA Mission Directorate has promoted a grass-roots effort to envision a new
Strategic Plan for the coming decade. To ensure that this Plan be aspirational, inspirational, and
inclusive, NASA contracted Knowlnnovation (http:/knowinnovation.com/), consultants who
facilitated comparable activities at NSF, AAAS, and the American Mathematical Society. The 2015
Astrobiology Strategic Plan has been developed in five stages, each meticulously recorded and
made accessible for public review and comment. The first stage was launched in May 2013 and
consisted of five hour-long, NASA PI-led webinars that were broadly focused on topics related to
the 2008 Roadmap but also aimed at astrobiology’s future: Early Evolution of Life and the
Biosphere, Planetary Conditions for Life, Evolution of Advanced Life, Prebiotic Evolution, and
Astrobiology for Solar Systems Exploration (https://astrobiologyfuture.org/). Following each
webinar, members of the astrobiology community engaged in a spirited week-long, on-line debate
that produced a rich record of controversy and critical knowledge gaps. This ground-breaking
activity drew over 500 participants whose research interests spanned the entire range of our
community.

The second stage of Strategic Plan-making was launched in mid-June 2013. Under the auspices
of the National Research Council, 60 scientists gathered for four days at the Wallops Flight Facility
in Wallops Island, VA. In keeping with the broad scope and interdisciplinary nature of astrobiology
research, the Strategic Plan Working Group consisted of biochemists, physicists, evolutionary
biologists, applied mathematicians, and paleontologists, both actually and virtually present.
Working group members shared a record of scholarship attesting to their ability to work across
disciplinary boundaries and to think critically about astrobiologically significant targets of planetary
exploration, essential attributes needed to engage in the organic process envisioned by
Knowlnnovation facilitators.

The goal of the Wallops Island gathering was to build by brainstorming, argument, and consensus
a set of working documents, each focused on a broad research theme that could be easily
explained and justified. Each working document contained a set of sub-questions that were framed
to provoke further community input about potential research projects. The first step in the path
toward this goal was for participants to pose questions, the answers to which would be “the paper
s/he would like to write or to read in 10 years’ time.” These were debated by the group as a whole,
reduced to several dozen questions recorded on sticky notes, posted, then iteratively grouped into
broad categories. Relative interest in these categories was then assayed by forming “chains of
interest” among participants. Focus groups nucleated around categories that attracted the interest
of five or more participants, who then worked to define a category with an overarching question.
These “big questions” led to the creation of a set of twenty-six concept documents, accessible at
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https://astrobiologyfuture.org/. Although very different types of science are represented among
these documents, the paths that led to each shared four features: first, each focus group included
investigators whose research specialty lay in that category and others who held a keen interest;
second, focus group membership was fluid, with participants freely moving among and contributing
to different groups; third, the “big questions,” their explanations and justifications, as well as each
subsidiary question were iteratively vetted by the Strategic Plan team as a whole through a series
of poster sessions, each of which was succeeded by additional focus group meetings; and finally,
each working document was composed in Google.docs via real-time collaboration among focus
group members and, until the last day, the Strategic Plan team as a whole. Thus, genesis and
refinement of each concept document progressed via argument and consensus, in keeping with
the goal of envisioning a new Astrobiology Roadmap that is aspirational and inclusive.

The third stage of Strategic Plan-making was launched September 19 with a three-part Kick-off
webinar led by participants Eric Smith and Frank Rosenzweig, Program Officer Michael New, and
NASA Postdoctoral Management Program Fellow Lindsay Hays. This webinar laid out the ground
rules and objectives for the next five months. The concept documents, which had been further
refined over the summer, were now open to discussion by the community at large. Beginning on
September 25 with How might the evolution of the atmosphere through Earth's history, including
its interactions with the solid Earth and biosphere, inform our exploration of habitable worlds? and
ending on January 30 with What was the origin and early evolution of photosynthesis? each
concept document was presented as a single-question public webinar with virtual Q&A, followed
by a week-long open forum. These webinars remain part of the public record of how the
astrobiology community has created its new Strategic Plan

(http://www.youtube.com/view play list?p=PL2vV9BgKn2ze3RuPly6UCkkshnVynpVoY).
Commentary and debate following each webinar engaged astrobiology researchers as well as
interested lay persons, and was notably incisive and collegial. The concept documents and
webinars remained open for viewing and commentary at https://astrobiologyfuture.org/ through
mid-February. Altogether, nearly 250 individuals participated in the Astrobiology Future webinars
in real time; 30 individuals (other than the paper authors themselves) registered a total of over 80
comments on the white papers in the week-long follow-ups. Public commentary was instrumental
in helping Wallops Island focus group co-authors to refine their documents into a set of white
papers, which served as the starting point for the next Strategic Plan-making activity.

The fourth stage in creating our new Strategic Plan was undertaken at the Astrobiology Integration
Workshop convened in Washington, DC March 21-24, 2014. Twenty-five representatives from the
Astrobiology community, all current or past NASA Pls, joined with NASA Astrobiology Program
Officers, NPMP Lindsay Hays, Astrobiology Magazine editor Leslie Mullen, KnowlInnovation staff,
and Gizmo the Goldendoodle to merge the twenty-six white papers into a set of six thematic
documents. As at each prior stage, the process by which this was achieved was collaborative and
iterative and subject to debate with each iteration. While membership in a particular thematic writing
group was fixed, each group designated ambassadors to communicate with other groups working
on conceptually related documents. Also, every day, Workshop participants gathered as one body
in morning and in evening sessions to report on progress toward integrating “their” white papers as
well as on thorny issues that had emerged as barriers to integration. At the conclusion of the
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workshop, participants discussed the research implications raised by questions identified in each
document, in particular, how research carried out under one theme might overlap with and support
research carried out under others. The March Integration Workshop produced six thematic
documents that broadly encompass all of Astrobiological science: (1) Identifying abiotic sources of
organic compounds, (2) Synthesis and function of macromolecules in the origin of life, (3) Early life
and increasing complexity, (4) Co-evolution of life and the physical environment, (5) Identifying,
exploring, and characterizing environments for habitability and biosignatures, and (6) Constructing
habitable worlds. These six themes are being assembled to create a new decadal Strategic Plan,
which will lead to the final stage of the process. The first draft will be reviewed by the Planetary
Science Subcommittee of the NASA Advisory Council and by an ad hoc committee of the National
Research Council. Following the consideration of comments arising from these reviews, a final draft
will be published in fall 2015.

Claude Bernard, the father of physiology, famously remarked, “Art is I, Science is We.” The grass-
roots effort that has created the new Strategic Plan embodies this concept. The astrobiology
community will have produced a document that is at once aspirational, inspirational, and inclusive,
a Roadmap with which the NAI can navigate toward even greater success in the coming decade.
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IDENTIFYING ABIOTIC SOURCES OF ORGANIC

COMPOUNDS

INTRODUCTION

The organic molecules of life span a
wide range of molecular weights and
constitution: from the small molecules of
metabolic cycles (e.g., citric acid) and
the monomers of polymers (e.g., amino
acids) to the macromolecular polymers
(e.g., proteins, nucleic acids,
polysaccharides). The small molecules
of metabolic cycles and the monomers
of biopolymers are often considered the
“pbuilding blocks” of living organisms.

These molecules are necessary for the
abiotic synthesis of the larger molecules
(e.g., functional polymers) and chemical
systems (e.g., metabolic cycles) that
constitute life. Understanding how the
abiotic production of molecules
(including what is commonly referred to
as prebiotic molecules) led to the origin
of life on the early Earth and on other
potentially habitable planets is a major
goal of the research.

Abiotic molecules include those that are
not directly involved in the origin of life,
as well as molecules that are used in
life. For example, abiotic chemical
reactions can produce a wide range of
amino acids; however, only a small
subset of possible amino acids is used
in life. In model prebiotic reactions

and/or meteorites, a good number of
amino acids are formed.

An important step in the process that led
to the origin of life was the formation of
simple organic compounds that became
the molecules of early life. In some
cases, the molecular species that
initiated life may still be in use today.
Alternatively, modern biomolecules may
retain structural features of earlier
ancestral molecules, or differ from them
substantially. While the astrobiology
community generally favors a catabolic
origin of life, some researchers in the
microbiological community consider an
autotrophic origin more likely.

Many biological organic molecules are
found universally across the Tree of Life
(e.g., the 20 amino acids, the
nucleobases of RNA), whereas the
polymers synthesized from these small
molecules can vary tremendously in
structure and sequence, even between
closely related organisms. The
monomers of biopolymers tend to be
more chemically stable than their
associated polymers, with biopolymer
degradation occurring more easily than
monomer degradation. The prebiotic
reactions that produced the first small
organic molecules of life could be
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distinct temporally, spatially, and
mechanistically from the prebiotic
reactions that gave rise to the first
polymers and metabolic cycles of life.

One hypothesis promotes a “smooth
continuum” of functional molecules, from
the origin of life to those active today. If
a smooth continuum occurred, it may
well be that a predecessor of RNA (pre-
RNA) was similar enough to have
enabled the transfer of nucleobase
sequence information, such as we see
today. Another possibility is that the
precursor to RNA was a quite different
functional molecule. We must therefore
consider alternative chemical pathways
for the origin of life. Investigating such
alternative chemistries could then inform
our understanding of the ways that life
could arise and evolve elsewhere.

The formation of the original molecules
of life may have occurred in a wide
variety of environments, through both
endogenous (on Earth) and exogenous
(external to Earth) processes.
Endogenous environments could have

included the planetary atmosphere,
bodies of water (e.g., lakes, oceans,
tidal pools, and hydrothermal vents),
and exposed continental landmasses.
Exogenous environments could have
included the interstellar medium (e.g.,
via catalysis on interstellar dust
particles), protoplanetary disks, comets,
and asteroids.

The accumulation and concentration of
organic molecules on a planetary
surface is also considered an essential
early step for the origin of life. In the
case of endogenous molecule
production, mechanisms for transport
from the point of synthesis to
environments that favor subsequent
steps in the emergence of life (e.g.,
initiation of metabolic cycles and
biopolymer formation) are important
considerations. In the case of
exogenous molecule production,
transport to the planet by a mechanism
that preserves an appreciable amount of
intact organic materials is an added
challenge that must be considered.

WHY IS THIS TOPIC IMPORTANT?

Identifying and understanding the mechanisms that led to the production of prebiotic

molecules in various environments is critical for establishing the inventory of ingredients

from which life originated on Earth, assuming that the abiotic production of molecules

ultimately influenced the selection of molecules from which life emerged.

Researchers have compiled inventories of likely prebiotic molecules on the early Earth and
hypothesized their sources, relative production, and contribution to the total prebiotic carbon
available for the origin of life. The relative importance of varied sources of organic molecules during
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the origin of life on Earth is not yet known, and could depend both on the abundances produced by
different sources and whether any source produced unique compound distributions.

Identifying the sources of prebiotic molecules on the early Earth may aid our understanding of
where life can be found in the Universe. This in turn may help us discriminate between
biosignatures and abiotic chemistry as we look for signs of life on other planets.

1.2 WHAT DOES THIS RESEARCH ENTAIL?

Life arose on Earth around 4 billion years ago, but under conditions that are strikingly different from
those on Earth today. The Earth has changed dramatically over time due to geologic and biological
activity (see Figure 1-1). The terrestrial atmosphere is now rich in molecular oxygen, but that was
not the case before the biological invention of oxygenic photosynthesis. As a consequence of the
rise of molecular oxygen, soluble Fe(ll) was oxidized to insoluble Fe(lll) and was precipitated from
oceans, rivers, and lakes. Thus, the chemistries possible at the time that life began cannot be
assumed to occur spontaneously on Earth today, nor can chemistry that happens spontaneously
today be expected to have been favored 4 billion years ago. It is therefore important to understand
what abiotic chemistries were possible in the context of the early Earth environment. It should also

ATMOSPHERE

2
Billion years ago

log [PO, (atm)]

log [Concentration (M)]

FIGURE 1-1. Changes in element abundances through
time. These histories are approximate, based on simple
geochemical models and inferences from ancient
sediments. An expansion in HzS-rich ocean regions after
2.4 hillion years ago is assumed (2, 5). Color gradations
indicate a transition from anoxic, S-poor oceans before
2.4 billion years ago (light blue) to H:S-rich oceans
between 1.8 billion and 800 million years ago (dark
blue), subsequently giving way to complete ocean
oxygenation (green). Different line styles are for clarity
only; dashed lines are for elements with falling
concentrations. [Adapted from (26), based on data from
(2, 5, 9, 10)]. Source: Image from Anbar 2008.
Reprinted with permission from AAAS.
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be noted that early Earth chemistry may be occurring today on places like Jupiter's moon Europa
or Saturn’s moon Enceladus, and, therefore, exploration of those environments could provide
insight into prebiotic chemistry.

Abiotic chemical reactions typically Abiotic
produce a diverse array of molecules,
whereas life utilizes only a small
subset of possible organic
compounds (see Figure 1-2). It is not
yet understood how or why biology
specifically selected certain
molecules from the larger set that 16
was likely available on the early
Earth. This selection may have
occurred at the small-molecule,
polymer, and cellular levels. It is
therefore important to consider how

49 Biosynthetic

non-o

FIGURE 1-2. Venn diagram showing the number of amino
acids represented in different categories of chemical space.

properties of certain molecules or Abiotic refers to the 66 amino acids reported in the
their formation pathwavs in particular Murchison meteorite (included 8 members of the standard

I_ 'on pathway |.p ed alphabet). Non-a refers to the 16 amino acids reported from
environments could have influenced the Murchison meteorite that have longer carbon
their incorporation into biology. “backbones” than those used in genetic coding. Coding

refers to the 20 amino acids used within the standard
genetic code. Biosynthetic refers to the additional 12

Many molecules of life have members of the standard alphabet and a further 14 amino

. acids that are produced as intermediates in their
molecular weights usually less than production. Color images available online at
250 amu (atomic mass units) (e.g., www.liebertonline.com/ast. Source: Image from Philip and

Freeland 2011. The publisher for this copyrighted material

amino acids, nucleobases, monosac- is Mary Ann Liebert, Inc. publishers.

charides). In contrast, biopolymers

are big, with molecular weights up to

millions of amu. Polymers are composed of monomers held together by covalent bonds and/or non-
covalent bonds. The polypeptides, for example, are polymers of amino acids joined by peptide (or
amide) bonds. Cell membranes are multimolecular assemblies, held together by hydrogen bonding,
dipoles, and van der Waal forces. Within the membrane structure, lipid molecules are covalently
bound to oligomer components including glycerol, choline, phosphate, and fatty acids.

The reactions and environments that resulted in the production of the small molecules of life were
not necessarily the same as those that resulted in the production of the first biopolymers and cells.
Thus, the thermodynamic and kinetic stability of small, prebiotic molecules must be considered
when discussing the possible sources of organic monomers. Both formation and degradation must
be understood in order to evaluate the expected steady-state concentrations. Determining where
life may have originated depends on the sources of prebiotic molecules, the rates of their formation
and degradation, the benefits and deficits of these syntheses, the relative production rates of these
processes, and the organization of these molecules into higher-order structures/systems (i.e.,
polymers, biochemical cycles, cells).
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Because organic molecules can occur in many environments, it is important to know the degree to
which the products formed in different environments could have ultimately accumulated on the early
Earth or on other habitable planets. Different formation pathways exist in each of these
environments, and will produce different organic compounds with varying relative distributions.
Understanding these pathways and the steady state distributions of compounds sheds light on the
inventory of available prebiotic organic compounds. There may be characteristic signatures in the
distributions and types of organic molecules produced by specific formation mechanisms and
environments. For example, carbonaceous chondrites are well known to have a rich inventory of
organics. Analyses of organic content of meteorites and other extraterrestrial samples for
comparison with the distribution of organics in laboratory reactions could have important
implications regarding the reactions that produced the organics on the early Earth, either by
endogenous or exogenous processes.

The Murchison meteorite, a
carbonaceous chondrite, fell in
Murchison, Australia in 1969. Many
organic molecules, including biological
building blocks (e.g., amino acids), have
been isolated from the Murchison
meteorite. The fragment shown is at the
National Museum of Natural History,
Washington D.C.

Finally, the introduction of exogenous
material to a planetary surface, or the
gradual accumulation of endogenous
material (e.g., in an evaporating pool), can
result in a disequilibrium system that could
provide energy or a local environment that
facilitates the further synthesis and

FIGURE 1-3. Carbonaceous chondrites are well known
o . to have a rich inventory of organics. Source: Image
polymerization of organics (e.g., conden- from Basilicofresco 2008, Wikipedia.

sation reactions), alteration of the

organics (e.g., oxidation, reduction), and

solubilization of the organics (e.g., by increased cosolvent concentrations). Quantification of these
processes could provide valuable insight regarding the organic inventory of the early Earth, as well
as possible local environments for the formation of larger and more complex prebiotic molecules
(e.g., early biopolymers).
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1.3 PROGRESS IN THE LAST TEN YEARS

Observational

The advent of a new generation of telescopes, including the interferometer ALMA (Atacama Large
Millimeter Array) and the European Space Agency’s far-infrared space telescope Herschel, has
enabled scientists to study the distribution of abiotic organic molecules in star-forming regions to a
much greater extent with the potential to reveal more about the relationship of these molecules to
prebiotic chemistry. The number of known so-called “Super Earth” planets continues to grow, and
their atmospheres are just starting to be probed chemically. Although one comet (103P/Hartley 2)
was found to have a deuterium-to-hydrogen (D/H) elemental ratio that mirrors that of Earth’s
oceans, other studies of comets have not found a match. In contrast, the D/H ratio of meteorites
originating from the Asteroid Belt suggest that, despite their lower water content, most of Earth’s
water could have come from asteroids. The Stardust comet sample return mission shows that the
early Solar System was a much more chaotic place than formerly envisaged. The abiotic inventory
of meteorites has been better defined, constraining the isotopic, enantiomeric excess (unequal
handedness), and structural characteristics of organic molecules, including amino acids and
nucleobases. The meteorite organic inventory serves to check abiotic synthetic pathways and may
have provided sources of abiotic molecules on the early Earth, presuming their survival on
atmospheric entry.

Rock Record

The impact history of the early Earth is more constrained both by models and by the geologic
record. Although Earth endured frequent and large-scale asteroid strikes 4.1 to 3.8 billion years
ago (a period known as the “Late Heavy Bombardment”), these events would not have necessarily
eradicated all life. Significant progress has been achieved in recovering samples from Earth’s
oldest (>4 billion year old) crust, which, when coupled with advances in analytical methods and
interpretation, offers new insights into the earliest stages of the evolution of the planet. For example,
multiple lines of evidence from natural samples, combined with laboratory experiments (e.g.,
oxygen isotopes, Ti in zircon thermometry) point to a rapidly cooled planet, with a liquid water
ocean, and a felsic continental crust capable of supporting life less than a few hundred million years
after Earth’s accretion.

Laboratory Experiments
The abiotic production of molecules in laboratory experiments is critical for understanding the

chemistry leading to prebiotic chemistry and the subsequent origin of life. These experiments have
a long history, starting with the results of the Miller-Urey experiments published in 1953. Recent
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work focused on the production of prebiotic molecules on Earth has included further exploration of
Miller-Urey synthesis, with advanced analysis of the resultant product mixtures and with more
current models of early Earth atmospheres.

Coolidgé (thin section)
Carbonaceous chondrite

FIGURE 1-4. Thin section of carbonaceous chondrite. Source: Photo by L. Garvie/ASU. Courtesy
of the Center for Meteorite Studies.

Numerous experiments on cold mixed ices have shown that photolysis can lead to the production
of a variety of basic organic molecules including alcohols, esters, aldehydes, etc., which are also
found in regions of star formation. The observation of organic molecules in interstellar space that
are known to produce biological molecules by abiotic reactions (e.g., formamide) increases the
relevance of laboratory experiments to understanding the potential breadth of compounds that can
be produced in space.

Experiments from the last ten years have shown that abiotic syntheses can produce a large suite
of compounds, that the products of some abiotic reactions can be directed by inorganic cofactors
toward molecules that are found in existing life, and that interstellar space is likely rich in the
molecules that were important for the emergence of life. These results suggest that abiotic
mechanisms that lead to the selection, stabilization, and accumulation of certain organic molecules
were important contributors to prebiotic chemistry. Additionally, synthetic organic research has
shown that molecules not found in life today might have originally served in place of those that do,
such as a different sugar in the backbone of RNA. These results illustrate the potential importance
of non-biological molecules for the origin of life on Earth as well as the emergence of life in non-
Earth environments.
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Computer Modeling Experiments

An emerging frontier is the use of computer science to explore why life on our planet evolved to
use particular molecules—for instance, the 20 amino acids used by the time of the last universal
common ancestor (LUCA). Although this approach cannot replace laboratory experiments, it
complements such work by providing a guide for investigations into interesting chemical spaces
and, in some cases, by providing a way to test a hypothesis that would be impossible or too
expensive to test by experiment.

1.4 AREAS OF RESEARCH WITHIN ABIOTIC
SOURCES OF ORGANIC COMPOUNDS

I. What Were the Sources, Activities, and Fates of Organic
Compounds on the Prebiotic Earth?

II. What is the Role of the Environment in the Production of
Organic Molecules?

lll. What is the Role of the Environment on the Stability and
Accumulation of Organic Molecules?

IV. What Constraints Can the Rock Record Place on the
Environments and Abiotic Reactions of the Early Earth?

|.  What Were the Sources, Activities, and Fates of Organic
Compounds on the Prebiotic Earth?

Modern life is based on surprisingly few small molecules relative to the number of possible
compounds of similar molecular weights that can be created using the elements carbon, hydrogen,
nitrogen, oxygen, phosphorus, and sulfur (CHNOPS). The molecular “building blocks” that initially
started life were undoubtedly influenced by availability, since molecules that were not present in
the prebiotic chemical inventory could not have played a role in the earliest stages of life. The
functionality of available molecules was also important, as molecules lacking properties conducive
to the emergence of life would not have been directly involved in the origin of life even if they were
present.
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It is also possible that extant life contains “frozen accidents”—that is, molecules (or a particular
isomer/handedness of some molecules) that were originally incorporated by chance, but could not
be changed after chemical evolution had progressed beyond a certain point (e.g., the emergence
of coded proteins, or a complex metabolism). Another possibility is that apparent frozen accidents
may not have been accidental at the time, but instead may have been highly advantageous under
the environmental conditions faced by early life, and then could not easily be altered when those
conditions later changed.

The principal biopolymers of life are nucleic acids, proteins, polysaccharides, and lipid membranes.
The abiotic production, accumulation, stability, and overall availability of the monomers that make
up these polymers are therefore of interest for understanding the emergence of life. These
monomers include the nucleobases, ribose, the canonical amino acids, lipids, and sugars found in
nucleic acids and polysaccharides. The small organic molecules that are currently found in
metabolic cycles (e.g., organic acids) and as cofactors (e.g., flavins) are also of interest.

The aforementioned molecules are by no means the only molecules that should be considered as
potentially important for the emergence of life. There may have been other organic molecules,
generated by abiotic reactions, which are no longer found in life but were essential for the
emergence of life. In particular, the structure and constitution of the biopolymers and metabolic
cycles may have evolved considerably since the origin of life. Thus, organic molecules in the
“chemical space” around the small molecules of extant life may be of great importance for
understanding the origin of life. For example, there may have been pre-RNA polymers with different
nucleobases and different sugars before the emergence of RNA. The proteins also may have
evolved from polymers that did not contain our current set of twenty L-alpha-amino acids; pre-
protein polymers may have utilized a set of amino acids that included a racemic mixture of alpha,
beta, and gamma-amino acids, or even hydroxy acids. Moreover, life on planets with environments
different from those that existed on Earth at the origin of life (e.g., different temperature range,
different redox state) might start and evolve from a different set of monomers than those utilized by
life on Earth, producing so-called “Weird Life.” Thus, the production of molecules by abiotic
reactions that could lead to functional polymers or metabolic cycles in different environments could
be of importance regarding the molecules that are necessary for life in alternative environments.

A substantial number of the monomers found in life today are relatively stable organic molecules
that have already been produced by one-pot, abiotic reactions. These include several of the amino
acids in the Miller-Urey experiment from a model Hadean atmosphere, the nucleobases from HCN-
based chemistry, and many sugars by the formose reaction (i.e., from formaldehyde) and related
reactions. Nevertheless, there is still a need to demonstrate reactions that provide more efficient
abiotic routes to organic molecules of interest and by reactions that are compatible with the most
current data on the nature of the early Earth environment.

Some biopolymers are made from monomeric units that are more stable than the over-all
biopolymers, but do not appear to be made from a single starting material or class of molecules.
The mononucleotides, which are the monomeric units of RNA, are a much-discussed example of
this class of monomers. From a chemical perspective, the mononucleotides are a composite of a
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nucleobase, a sugar, and a phosphate group. Lipid molecules, some of which are composites of
fatty acids, glycerol, phosphate, and an amino acid, are another example of biomolecules that
appear to be made from small molecules that are themselves the products of more than one starting
material and chemical reaction. The abiotic reactions that could have first produced the building
blocks of more complex biological molecules, or their predecessors, are of great interest to
understanding the origins of life.

Just as life currently utilizes small molecule cofactors (e.g., flavins, NADH), early life may have as
well for a range of functions, acting as catalysts, as electron donors/acceptors in redox reactions,
and even as important components of the solvent milieu (e.g., solubilizing agents). Thus, small
molecules produced in abiotic reactions that can facilitate the production of biological molecules
are potentially important for understanding the emergence of life on Earth and on other habitable
planets.

The emergence of life would have been greatly facilitated by abiotic mechanisms that locally
concentrate and increase the chemical activities of the molecules necessary for life. Concentration
mechanisms include, but are not limited to, molecular associations, differential solubility, and
selective affinity for particular surfaces. Thus, physical and chemical processes that provide a
feasible mechanism for the robust concentrating of molecules of interest on the early Earth are of
potential interest for understanding early stages of chemical evolution.

Key Research Questions about Molecules and Chemistry

What is the connection between the organic monomers produced in various
environments and those used in terrestrial biology?

Abiotic chemistry typically produces a diverse array of isomers, whereas life utilizes a
subset of the available compounds. It is not yet understood the extent to which the subset
of molecules used in life today was defined by the environments in which abiotic
compounds were produced that gave rise to life.

What properties of certain molecules, their formation pathways, or their
environments, led to these molecules being used by the first forms of life?

Organic molecules are formed in a variety of environments and by many diverse reaction
pathways. It is possible that the physical and chemical properties of certain abiotic
compounds, in addition to availability, influenced their participation in the emergence of life.
These properties could include, but are not limited to, solubility, pKa, participation in
molecular recognition, and the ability to form reversible covalent bonds.
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What are plausible geochemical sources of CHNOPS compounds?

The formation of organic molecules relies on the availability of one-carbon molecules (e.g.,
COz2, CH4). These molecules may originate from a variety of geochemical processes, or
they may be primordial volatiles present in planetary environments. The transformation of
one-carbon molecules to abiotic molecules can occur by many geochemical processes and
often result in vastly different final products.

In addition, nitrogen and phosphorus are elements with a substantial inorganic reservoir.
Both are critical as part of the chemistry of life (CHNOPS). However, both show little
reactivity toward abiotic organic compounds when in their dominant geochemical reservoir
(N2 in the atmosphere, and phosphate in minerals). How these elements became reactive
enough to form new abiotic compounds is an open question.

Learning how the CHNOPS elements became reactive in various environments, as well as
their delivery by extraterrestrial materials to planetary surfaces, is critical for establishing
the inventory of ingredients from which life originated. This information is, in turn, useful for
the search for life elsewhere, because this knowledge can focus attention on environments
in which the organic chemicals needed for life can be found. Importantly, we only know that
life was able to originate on Earth under the conditions that existed about 4 billion years
ago (assuming that there was no panspermia), but we do not know whether life could
originate under other planetary conditions.

[I. What is the Role of the Environment in the Production of
Organic Molecules?

Many environments contain organic molecules produced by abiotic reactions. Such environments
include, but are not limited to, planetary surfaces, planetary atmospheres, comets, and asteroids.
One challenge for chemists is to formulate models for the production of organic molecules in these
environments, and to use such models to advance theories for the origin of life. A long history of
abiotic chemistry experiments has demonstrated that the early Earth had a substantial organic
inventory. Furthermore, organic molecules formed in space could have been delivered to the early
Earth and to other potentially habitable planets.

Key Research Questions abhout the Production of Organics

What are the primary mechanisms for organic formation in planetary
environments, and what relative abundances of organics are produced?

Organic synthesis may have occurred in a variety of environments on Earth. Determination
of the sources and rates of formation and degradation of these organics, geologic locations
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of these environments, benefits and deficits of these syntheses, and relative production
rates of these processes are critical to determine where life might have originated.

A specific branch of prebiotic chemistry focuses on organic formation in the early
atmosphere. Prior to the origin of life, the atmosphere was potentially a major source of
organic and inorganic compounds that were either used without modification as precursors
to more complex molecules, or participated in reactions leading to such precursors.
Constraining the redox state of the atmosphere, as well as the composition and partial
pressures of gases such as Nz, CO2, H2, CHs4, NH3, CH20 and O2, allows for an
understanding of the availability and stability of prebiotically relevant compounds. For
example, the redox state of the atmosphere would directly influence the relative ratios of
fixed (prebiotically useful) to unfixed biogenic elements such as nitrogen (e.g., NOs- or NH3
versus N2) or carbon (e.g., CH4 or CO versus COz). Other planetary environments are also
possible locations for the production of organic compounds, including on the surface of the
planet, in bodies of water, near volcanoes, and in hydrothermal vents. Likewise, the
potential relevance of these environments as possible locations for the abiotic production
of molecules requires an understanding of the mechanisms for molecule formation and
degradation in these environments.

A related question is whether different formation mechanisms and environments have
characteristic signatures reflected in the types of organic molecules produced and their
planetary distribution. If so, we may be able to determine how the diversity of molecules
produced in exogenous locations compares to the diversity of molecules created in
different environments on the early Earth and other potentially habitable planets. Such
information could reveal the relative importance of exogenous and endogenous reactions
to the creation of the chemical inventory necessary for the emergence of life.

What is the probability that organic molecules produced in exogenous
environments, like interstellar space, are delivered intact to planetary surfaces?

Organic molecule formation can occur in extraplanetary environments, including star-
forming regions, interstellar matter, protoplanetary disks, and parent bodies. Different
formation pathways exist in each of these environments, producing different organic
compounds with varying distributions. Understanding these pathways and the distributions
of compounds formed sheds light on the inventory of organics in space. Potential factors
that could influence organic production include the density and temperature of pre-stellar
sources, their location in the galaxy, and time of formation (which can affect total availability
and metallicity of elements). The relevance of such molecules to the origin of life depends
on their ability to be delivered to an environment that is suitable for life. Evaluating the
relative importance of different kinds of impactors and their contents, their relative fluxes,
and their survivability could answer questions about the organic and volatile inventory on
planets.
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Questions for future research include how the complexity, diversity, and quantity of
organics produced differ between exogenous environments. How does delivery to a
planetary surface alter the original diversity and quantity of molecules that are present prior
to delivery? Was the delivery of organics to the early Earth associated with the delivery of
water?

What is the relative importance of exogenous and endogenous sources of organic
compounds?

Can all organic molecules necessary for the emergence of life arise in situ, or must some
species be delivered by impact? As mentioned above, numerous environments and
reactions on the early Earth are likely to have contributed organic molecules to the prebiotic
chemical inventory. Additionally, impactors may have been responsible for delivering
biogenic elements (e.g., phosphorus) and small molecules (e.g., formaldehyde, HCN,
nucleobases) to the early Earth or to other planetary surfaces. Such impactors include
material deriving from comets or asteroids, and it may be that particular materials or
classes of materials are unique to a particular formation mechanism or environment. The
relative importance of exogenous and endogenous sources of materials for the emergence
of life remains an open question, and could depend both on the abundances produced in
these sources and whether any source produced unique compounds necessary for life.

How do different energy sources result in different organic production?

Production of organics can take place through thermodynamic and kinetic drivers. Low-
temperature reactions within molecular clouds, high-energy modification of carbon
molecules near star-forming regions, and aqueous alteration on asteroids all affect organic
synthesis and complexity. Energy sources for molecular transformations on Earth and
other terrestrial bodies include high-energy discharge, UV radiation, heat, radiation
bombardment, hydrothermal energy, and serpentinization. If the relative importance of
these energy sources for the production of organic molecules necessary for the origin of
life can be understood, this information could provide insight on the probability of various
locations for the origin of life or source materials as well as the respective roles of
endogenous and exogenous material.

Part of this area of research includes determining how important secondary chemical and
physical processes that alter organic molecules (e.g., radiation-induced chemistry,
impacts, heating) are to the generation of molecules that are key to the origin of life. Given
the same precursor material, do different thermodynamic and kinetic drivers in different
environments lead to distinct product distributions? Refer to Chapter 2: Synthesis and
Function of Macromolecules in the Origin of Life.
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IIl. What is the Role of the Environment on the Stability and
Accumulation of Organic Molecules?

The accumulation and differential survival of chemical compounds is likely an important factor in
the evolution of the matter that gives rise to life. Stabilization and accumulation of abiotic materials
can occur by reaction with the environment (e.g., accumulation on mineral surfaces), by specifics
of chemistry (e.g., reactions of formaldehyde), and by physicochemical changes (production of
condensed compounds via dehydration).

The last 60 years of prebiotic laboratory and sample studies have shown that the abiotic production
of many molecules (particularly small organic molecules) is easily achieved if low yields are
sufficient. However, it is expected that some processes key to the origin of life, such as polymer
formation, required particular molecules at sufficient local concentrations that bimolecular (and
polymerization) reactions became favorable. An important part of abiotic chemistry is therefore the
identification of environments that lead to accumulation of abiotic molecules, either by selection
from a mixture, or by preferential production of key precursors.

The ubiquity of selective and accumulative environments could directly inform the search for
biosignatures. Since abiotic synthesis of organic compounds must occur prior to life’s emergence,
recognition of those environments where these processes can occur is critical to origins of life
studies. Conversely, environments that enhance the abiotic accumulation and stability of organic
compounds must be identified to avoid misinterpreting abundant abiotically generated compounds
as a true biosignature.

Key Research Questions about the Stability and Accumulation of Organics

What is the survivability of small, organic molecules in their formation and reaction
environments?

Not only must organic molecules be produced before protobiopolymers and proto-
metabolisms can emerge, but these building blocks of life also must accumulate to
sufficient concentrations to allow for further reactions (e.g., polymerization).
Thermodynamics must be considered when discussing sources of small, organic
molecules; both formation and degradation must be understood in order to evaluate
expected steady-state concentrations. Constraints on the rates of production and
degradation of these organics in their formation environments can also help determine how
critical environmental change would have been to the use of these molecules in a
subsequent stage of chemical evolution. Compounds may change environments after
formation (e.g., an abiotic organics formed on a mineral surface or in the atmosphere may
dissolve in water), and it is therefore important to understand the stability and subsequent
reactivity of these molecules in environments where life might originate.
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What changes take place to these organics over time in the environments of
terrestrial planets?

Introduction of exogenous material to planetary surfaces can result in a disequilibrium
system that may provide energy for further synthesis and alteration of the organics (e.g.,
oxidation, reduction). Quantification of these processes can provide insights regarding the
organic inventory of a planet. The interaction between dynamic environments on Earth (or
other planetary surfaces) and the synthesis/alteration of molecules that become part of a
self-replicating/self-sustaining process is important for understanding the emergence of
life.

What is the survivability of organic molecules during delivery to planets with
differing atmospheres and differing asteroidal or cometary sources?

Planetary atmospheres influence material delivery through ablation and deceleration of
meteors, which in turn influences total organic inventory. The source material for
exogenous organics includes parent bodies with varying material strengths, organic
content, and composition. Again, thermodynamics and degradation pathways and rates
play an important role in determining the final monomer concentrations and relative
abundances.

Comets and carbonaceous meteorites deliver organic molecules to planets, and the
delivery of such material may have contributed to the inventory of ingredients required for
life’s origins. The surviving icy bodies and carbonaceous meteorites of the Solar System
contain an array of molecules whose chemical and isotopic compositions and petrographic
characteristics provide a record of their origins. These bodies provide insights into the
nature and abundance of organic material, which could inform us about processes that
may influence similar evolutionary sequences during the formation and evolution of
exoplanetary systems.

Current predictions suggest that small abundances of gas-phase organics in
protoplanetary disks do exist and should be detectable by the ALMA interferometer. The
organics in disks can be both remnants of molecules found in hot cores and molecules
produced during the disk stage. Chemical simulations show that both sources lead to the
production of terrestrial-type organic molecules. As the dust particles coated with ices of
water and organics coagulate into larger bodies, it is possible that these bodies retain much
of the organic material, whether they are primitive, such as comets, or possibly undergo
further chemical processes, such as asteroids.

How do enantiomeric excesses at the monomer level arise, and were those
processes important for determining biological homochirality?

Certain compounds of terrestrial life are homochiral (e.g., amino acids, sugars), whereas
abiotic chemistry tends to produce racemic mixtures. Enantiomeric excesses have been
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observed for some compounds in some carbonaceous chondrites. It is not clear how these
enantiomeric excesses were produced, whether the conditions that produced them were
widespread, or if they exerted any influence on the emergence of biological homochirality.
Further research may reveal how enantiomeric excesses observed in certain meteoritic
amino acids were produced and/or amplified, and whether similar processes existed in
planetary environments or are unique to the meteoritic parent bodies.

IV. What Constraints Can the Rock Record Place on the
Environments and Abiotic Reactions of the Early Earth?

Earth’s mineral and rock record preserves a limited selection of materials older than 4 billion years,
constituting a record of conditions near the time of life’s origin that is incomplete, but nonetheless
the best available. The rock record holds invaluable clues for understanding how life came about
on Earth by constraining the phase space of chemical processes of early Earth environments. For
instance, the earliest rock record provides constraints on atmospheric composition (e.g., redox)
and physical conditions (e.g., temperature and pressure), constraints that can be used by
experimentalists and theoreticians to provide refined models of the possible environments on the
early Earth available for chemical synthesis.

Earth’s oldest rocks may also tell us about the composition and physical characteristics of the
earliest ocean. We do not know whether life first emerged in freshwater or saline conditions or, for
that matter, under deep or shallow conditions or on exposed land. Conditions of water available at
Earth’s surface ultimately influenced the prebiotic physicochemical environment. Finally, the onset
of plate tectonics may have been associated with the appearance of new environments to
concentrate and cycle early abiotic materials and mixtures.

Key Research Questions abhout the Environment of Early Earth
What was the nature of Earth’s early atmosphere, oceans, and crust?

Earth’s atmosphere has responded to events and processes (e.g., impacts, onset of plate
tectonics, advent of photosynthesis) and gradually changed its physical and chemical
characteristics such as pressures and mixing ratios of its constituent gases. The
composition of the early ocean (e.g., acidity [pH], Mg, Ca, Fe, total dissolved solid content)
and physical properties (e.g., temperature) would have significantly influenced the abiotic
processes that might have occurred. Increasing salinity results in the precipitation of
several elements, which may have promoted organic degradation or synthesis, and could
have changed redox characteristics of organic solutes. Changes in pH and temperature
affected chemical syntheses and rates of formation and degradation of potentially
important prebiotic molecules. The development of continental crust is tied to the onset of
plate tectonics. Differentiation of felsic rocks from mafic material formed new minerals and
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new environments, including environments with low water activity in contact with the
atmosphere. Additionally, continental crust significantly altered oceanic and atmospheric
composition.

The lithosphere has the potential to record atmospheric evolution through direct rock-
atmosphere interactions, or indirectly by changing the composition of the hydrosphere.
Such changes can be, for example, recorded in mineral assemblages (e.g., magnetite,
hematite), redox-sensitive elements (e.g., Mo, Re), or isotopic signatures. The oceanic
composition modified and was modified by reaction with the crust and atmosphere. These
conditions can be reflected in the major and trace element geochemical parameters of
sedimentary rocks in contact with or precipitated from the ocean.

What was the bombardment history of the Earth?

The bombardment of Earth by extraterrestrial material delivers both disequilibrium material
and energy to the surface. Current theories suggest that much of Earth’s water ultimately
originated from extraterrestrial material. Surface bombardment can provide unique thermal
and chemical environments and may have been a source of abiotic synthesis. The
bombardment history may be extracted from the rock record using platinum-group
elements or trace element isotope systematics. In addition to the geologic record, studies
of planetary formation and orbital dynamics can provide insights regarding the nature of
impacts on the early Earth.

Are there still undiscovered Archean and older rocks, and what could they tell us
about the environment of the early Earth?

Rocks from the early Archean are sparse, and rocks from the earlier Hadean are virtually
nonexistent. Sedimentary and metasedimentary rocks from these times can provide
information on the environmental conditions that produced the molecules from which life
emerged on the early Earth. A systematic search for early Archean and Hadean formations
(or rocks derived from weathered samples of these materials) could provide new
information on these environments.

1.5 CHALLENGES FOR THE NEXT TEN YEARS

How do environments drive organic molecule production?

Laboratory investigations can determine organic molecule production in a variety of simulated
environments including but not limited to interstellar objects, planetary atmospheres, planetary
surfaces, and hydrothermal environments. Thus, future studies should identify effects of variables
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such as temperature, pH, density, energy source, and starting material composition on product
distributions and identify distinct signatures of formation processes.

Were meteorites and comets relevant to organic inventories on prebiotic
Earth? Were all molecules required for the emergence of life on Earth
generated endogenously, or were some necessarily provided from
exogenous sources?

Better models of Earth’s early atmosphere would help answer this question, as it may have affected
the delivery of exogenous materials as well as the efficiency of endogenous production. Overall,
the astrobiological relevance of cometary and meteoritic organic matter should be investigated
further. In addition to the refractory presolar materials found in meteorites, we should determine
whether any of the icy or volatile material in the Solar System has a presolar origin. Additional
questions include: were water and organic molecules delivered together to Earth and other
terrestrial planets, or did they come from different sources?

What were the sources of the molecules that hecame the building blocks of
life?

By understanding which molecules could be made endogenously on prebiotic Earth, which could
be delivered from exogenous sources, and which were unique to these sources, it may be possible
to determine the sources of the molecules that became the building blocks of life. Answering this
question requires continued investigations to determine the molecules and processes required for
the emergence of life.

What compounds derived from abiotic synthesis are characteristic of their
sources?

In order to interpret potential chemical biosignatures, it is essential to first determine the molecules

that can be produced abiotically and the signatures of various formation mechanisms and
environments. Refer to Chapter 2: Synthesis and Function of Macromolecules in the Origin of Life.
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How did prebiotic organics become narrowed to the biotic chemistry in life
today?

There should be studies aimed at understanding the selectivity of biology (or prebiotic chemistry)
in using certain subsets of molecules out of the diverse prebiotic (or abiotic) inventory. Refer to
Chapter 2: Synthesis and Function of Macromolecules in the Origin of Life.
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2 SYNTHESIS AND FUNCTION OF
MACROMOLECULES IN THE ORIGIN OF LIFE

INTRODUCTION

A fundamental property of life on Earth
is likely common to all living systems,
regardless of their chemistry: life is
based on polymers. Owing to the vast
combinatorial space that results from
polymerizing just a few monomeric
building blocks, polymers can aptly
serve both catalytic and genetic roles.
One of the most widely shared

definitions of life is that it is a self-
sustaining system capable of Darwinian
evolution. Macromolecules—specifically,
proteins and nucleic acids—form the
catalytic and genetic species that allow
system self-sustenance. Also,
macromolecules evolve—in other
words, change over time—thus fulfilling
a criterion for recognizable life.

FIGURE 2-1. Synthesized from a limited set of monomers
through a limited set of reaction types, polymers efficiently
serve as functional and informational macromolecules.

Source:

Image modified from Kyle Schneider (2009),

Wikipedia Commons.
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2.1 WHY IS THIS TOPIC IMPORTANT?

The macromolecules of Earth-based life are composed of a small subset of all potential
chemical building blocks. It is likely that macromolecules formed from different monomers
would share many characteristics with modern biopolymers. Thus, it is crucial to
characterize the overall chemical underpinnings of the processes that lead to the
persistence and function of evolvable macromolecular systems. As part of this effort, it is
necessary to identify interactions, intermediary structures and functions, energy sources,

and environmental factors that contributed to their diversity, selection, and replication.

Polymers are well-suited for the structural, catalytic, and genetic functions required for life. In
modern biology, linear polymers, generated by the condensation of relatively simple monomers,
have unparalleled non-covalent assembly properties. These properties lead to two- and three-
dimensional structures that are essential for functioning and regulation. Vital elements of life,
including structure, energy storage, catalysis and information transfer, are all carried out by
polymers. Information storage and transfer by nucleic acids depend on the linear assembly of a
small chemical alphabet of four nucleotides linked by a self-repulsive polyanionic backbone
(phosphodiesters). The diverse chemical alphabet of 20 amino acids, linked by an adhesive
polyamide backbone, leads to protein architectures that are capable of structural transitions
essential for their catalytic function.

Catalysis can be carried out by both nucleic acids and proteins. Protein enzymes have access to a
wide array of functional groups, including acids/bases/nucleophiles/electrophiles and redox-active
moieties, and thus are generally considered to have a greater potential for catalysis than nucleic
acid ribozymes; however, proteins do not carry genetic information in organisms that we can
observe. The nucleic acid catalysts that remain in contemporary biology are thought to be “living
fossils” of an earlier system. Beyond chemical specialization, there may be additional selective
pressures favoring multiple polymeric systems. For example, the interdependence of separate
genetic and catalytic polymers may provide opportunities for enhanced feedback mechanisms
unavailable to single polymeric systems.

Protein and nucleic acid biopolymers may be the products of evolutionary processes that acted on
protobiopolymers that no longer exist in biology. These precursor protobiopolymers would likely

have achieved informational competency and catalytic ability by employing assembly strategies
that are similar to those of contemporary macromolecules. Non-covalent assembly of proto-
monomers and polymers likely drove further polymerization, which in turn autocatalytically
enhanced assembly. Properties such as solubility, solvation (dissolution), hydrophobicity, reactivity,
and, ultimately, assembly were characteristics critical to primitive function. The processes of early
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macromolecular chemical evolution were intrinsically linked to energy transduction and to the
environment.

It is notable that some short, relatively simple polymers have been shown to engage in chemical
processes that could lead to sustained amplification and natural selection. For instance, certain
peptides can self-replicate or catalyze the synthesis of other peptides in symbiotic or parasitic
fashion. Likewise, certain oligonucleotides can self-replicate and undergo self-sustained
exponential amplification.

Whether and how polymers transmit
information and fold to generate
function are of interest, irrespective of
whether those questions are posited
on a particular environment. Indeed,
by answering the more general
question of how polymers might
support function, and what the
sequence, structure, and function
spaces that attend to different
chemistries may be, we may constrain
environments that are conducive to
life, on Earth or otherwise. In such
scenarios, polymer function can be

_ “‘unmoored” from the necessity of
FIGURE 22 Non-covale_nt assemblies may have preceded recapitulating  Earth-lke  prebiotic
the formation of protobiopolymers. Source: Image from ] ]
Stone 2007, Wikipedia. synthesis. Parallel efforts to determine

the molecular phylogeny of modern life

will help to determine whether our
biopolymers are a small subset of potentially life-supporting polymers, or represent a singular or
near-singular solution. Such analyses would inform the likely abundance and locations of life in the
Universe.

2.2 WHAT DOES THIS RESEARCH ENTAIL?

To further refine the understanding of life’s origins and early chemical evolution, researchers must
continue to map the chemical landscape of potential primordial informational oligomers.
Considering the central role of biopolymers in modern biology, there is no doubt that a critical step
in the emergence of chemical evolution was the advent of polymers that could replicate, store
genetic information, and exhibit phenotypic properties capable of Darwinian evolution. Therefore,
a central effort in origin-of-life research must be to develop an understanding of macromolecule

| 2-SYNTHESIS AND FUNCTION OF MACROMOLECULES IN THE ORIGIN OF LIFE



NASA ASTROBIOLOGY STRATEGY 2015 23

synthesis, stability, folding, and function in the context of plausible prebiotic conditions and
environments.

Overcoming Kinetic and Thermodynamic Hurdles

There exist both kinetic and thermodynamic hurdles to the prebiotic synthesis of biopolymers. For
example, oligopeptides, oligonucleotides, and oligosaccharides are formed by the dehydrative
polymerization of monomers in water, which are thermodynamically disfavored reactions in
aqueous solution (i.e., it is difficult to make polymers even at high concentrations of monomers).
Conversely, the polymers must be kinetically stable long enough for them to replicate, even though
their hydrolysis is thermodynamically favored. In modern biology, hydrolysis of nucleoside
triphosphate is the energetic driver of these condensation-coupling reactions.

The Role of Catalysts

The kinetics of uncatalyzed condensation polymerization reactions in abiotic systems are also
problematic. The slow rates of uncatalyzed coupling between amino (peptide) and hydroxyl
(nucleotide) reactants with electron-rich carboxylate (peptide) and phosphate ester (nucleotide)
electrophiles are unlikely to support metabolism.

In the absence of modern biology’s ATP-driven condensation processes, prebiotic polymerization
must have been enabled by suitable environments containing abiotic reagents and catalysts.
Experiments have demonstrated that condensation polymerization can be facilitated by simple
chemical coupling agents, for example: carbodiimides, polyphosphates, and carbonyl sulfide.
However, the abiotic source of these agents and their kinetic resistance to hydrolysis in aqueous
environments awaits more complete demonstration. Alternatively, dynamic polymerization and
depolymerization, and assembly and disassembly, may have been driven by water activity or
temperature oscillations commanded by planet rotation, tides, seasons, tectonic phenomena, or
other periodic energy fluxes. Compartmentalization or encapsulation could help to extend these
periods of disequilibrium.

Catalysis of monomer-coupling reactions by Brensted and mineral Lewis acids has been
demonstrated both in solution and on surfaces. Additional mechanisms to concentrate and orient
monomers, and thus enhance polymerization rates, include surface adsorption and co-localization
within compartments bounded by either organic molecules or minerals. The templated or
untemplated non-covalent assembly of monomers prior to polymerization provides a further
mechanism to increase the effective concentration of substrates. A potentially powerful early
function for polymers would be to drive the assembly of monomers, thus enhancing the rate of
polymerization and resulting in the further assembly of monomers.
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The Selection of Homochirality

It is also conceivable that homochirality was selected for at an early stage of chemical evolution.
Abiotic synthesis such as the Miller-Urey experiment are generally not stereospecific; however,
contemporary biopolymers are formed from single stereoisomers, e.g., L (S) - amino acids.
Because there is little if any intrinsic chemical difference between two sterecisomeric forms of a
compound, it is likely that homochirality is the result of selection. It is necessary to determine
plausible mechanisms by which stereospecific polymers could be achieved, either through
selection of one stereocisomeric form of the precursor and polymerizing it preferentially, or by
selection of oligomers that are enriched for one form rather than another. This selection need not
be an all-at-once event. Experiments have shown that some functionality can be retained in RNA
polymers containing mixed 25" and 3'-5" phosphodiester bonds, suggesting that selection may
have occurred by repeated action over time.

The Role of the Planetary Environment

The near ubiquity of condensation polymerization in modern biology may inform the conditions of
early geological and biological processes. Low water activity, even for short periods, may have
allowed polymerization to proceed without activation groups such as carbonyl sulfide or
polyphosphates. Environments of low water activity may have included hydrothermal vents, icy
bodies, tidal zones, evaporative surfaces, and many more, but likely rule out environments such as
the open ocean or other large bodies of water. Alternative solvents may also be prebiotically
plausible. Non-aqueous or mixed-aqueous solvents, including formamide, urea, hydrocarbons, and
a multitude of eutectics, may help resolve the energetic constraints to condensation polymerization.

FIGURE 2-3. Planetary environments may have fostered condensation of monomers to polymers. Source: Modified
images from NASA GSFC SVS.
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Concentration of Reactants

Itis important also to consider plausible mechanisms of polymer synthesis other than condensation
polymerization of activated monomers. For instance, one alternative mechanism could involve the
anchoring of nucleobase or protein side-chain units onto simple, independently formed backbone
structures or surfaces. Another mechanism could involve dynamic polymerization and
depolymerization resulting from stringing together monomers via kinetically reversible covalent
bonds (such as disulfide bonds). The earliest polymers may have been structurally related to, but
different from, current oligonucleotides and proteins. Further experimental studies of such systems
are needed to identify the polymer structures and mechanisms of assembly that could have been
compatible with chemical evolution in the origin of life.

Pathways of Evolution

It will be necessary to define plausible pathways by which protobiopolymers could have been
supplanted by contemporary biopolymers. One possibility is that the stereo- and regio-homogeneity
of modern biopolymers allows greater functionality than could occur in heterogeneous proto-
biopolymers. Early selected functions of protobiopolymers likely included increased resistance to
hydrolysis. A major question that would need to be addressed is whether the genetic information
of a “protobiopolymer world” became useless in the transition from protobiopolymers to
biopolymers.

The evolution of polymer backbones is intrinsically linked to the evolution of folded structures.
Regular hydrogen bonds along peptide backbones stabilize protein secondary structures crucial to
the stability of modern enzymes. It is likely that an evolution from early heterogeneous oligomers
to modern homochiral proteins with regular polyamide backbones was accompanied by large gains
in folding competence, solubility, and catalytic efficiency.

It is important to consider the role of nucleotide cofactors and metal clusters in augmenting or even
initiating advanced polymer functions such as electron transfer. Nucleotide cofactors are clearly
crucial to current biology. Studying their ancestry may enable us to identify and demonstrate their
role in early metabolism. It seems reasonable to assume that early biological catalysts were more
promiscuous, with lower substrate selectivity and product purity, than modern enzymes.

The Question of Polymer Function

The question of polymer function is intrinsically tied to the origin of life. As far as current science
understands, life as we know it cannot exist without catalysis and genetics. Most broadly, the former
allows energy transduction and the latter allows evolution; both are essential for life. In modern
biology, proteins and nucleic acids fill these dual roles. A similar central question pertains to the
capabilities of polymers to perform a range of different functions. We know many functions that
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current proteins and RNAs can accomplish; however, we do not know if the list is exhaustive. It will
be important to determine whether these or other polymers could perform as yet unknown functions
that can inform plausible pathways to life.

Cooperation

The establishment of a cooperative relationship between polypeptides and nucleic acids was a
fundamental threshold in the evolution of life. These two polymers, with distinct structures and
functions, became codependent. A division of major roles was achieved, with a nexus at the
translation system. The origin of translation is a key process in the evolution of life. In modern
biology, the translational system synthesizes all MRNA-coded protein using near-universal codes,
similar structures of the ribosome core, similar biopolymer sequences of RNA that form the
ribosome, and similar chemical processes. The translation system is ancient and highly conserved,
and is a source of deep phylogenetic, structural, and catalytic information that extends from modern
life to before the Last Universal Common Ancestor (LUCA). The common core of the ribosome was
complete at LUCA. Information from the translational system generates the canonical Tree of Life,
containing bacterial, archaeal, and eukaryotic branches.

The ubiquity, conservation, and importance of the translation system offer a window to
understanding how nucleic acids and peptides gained mutual dependence. This relationship places
fundamental constraints on the evolutionary pathway of life. In understanding the relationship
between polypeptide and
polynucleotide, it is of
interest how the interactions
between other polymeric
systems could have
benefited early life forms or
might benefit alternative life
forms.

FIGURE 2-4. The ribosome is the nexus of codependence hetween
modern peptide and nucleic acid biopolymers. In this image, the small
subunit is in green and the large subunit is in blue. Source: Image from
Goodsell 2010. Reprinted with permission from RCSB.
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2.3 PROGRESS IN THE LAST TEN YEARS

Macromolecule Formation

The oligomerization of monomers such as nucleotides, saccharides, or amino acids likely preceded
the emergence of evolving biochemical systems. However, monomer coupling by condensation is
thermodynamically and kinetically disfavored in dilute aqueous media. Proposed solutions to
augment monomer condensation in potential prebiotic environments include dehydration agents,
reversible linkers, monomer co-location, and water-activity cycling. Potential drivers of non-
equilibrium water cycling include daily and seasonal variations in solar and tidal forces.

Carbonyl sulfide and isocyanic acid are strong electrophiles with plausible prebiotic availability.
These dehydration agents have been employed to transform amino acids into reactive cyclic
anhydrides (termed Leuchs anyhydrides or N-carboxyanhydrides). Further peptide oligomerization
occurs as the growing polymer reacts with additional equivalents of anhydride. Mineral Lewis acids
continue to be employed to enhance and/or direct coupling reactions in dry and high-salt reaction
environments. Hot non-aqueous polar solvents have also been used to drive oligomerization.
Organization and co-location of monomers by adhesion to mineral or lipid membranes also have
been shown to enhance polymerization rates both in the presence of and without dehydrating
agents.

Prebiotic Models for Macromolecular Synthesis and Replication

Nucleotides found in RNA and DNA are difficult to synthesize abiotically, although progress has
been made. This suggests that other backbone structures may have served as genetic polymers
prior to the emergence of RNA. Nucleic acids containing different backbones have been shown to
serve as templates for contemporary polymerase enzymes. Potential pre-RNA supra-molecular
assemblies can be formed from prebiotic compounds, and they assemble through rules similar to
those used by DNA and RNA. The polyphosphate trimetaphosphate can be used by catalytic RNAs
to generate RNA 5'-triphosphates, demonstrating that polyphosphates could have been used as
activation agents during the RNA world.

RNAs containing both 2' and 3' phosphodiester bonds instead of only a 3' phosphodiester linkage
can be copied by contemporary polymerase enzymes in vitro. This suggests that the original RNA
world tolerated structural ambiguity that was then refined by evolution. This ambiguity may have
been both regio- and stereochemical. Prior to the evolution of competent polymerases, template-
guided RNA ligation and recombination reactions may have been driven by highly-active
dehydrating reagents.
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Macromolecular Function

Work by synthetic biologists has indicated that contemporary biochemistry is considerably more
plastic than would have been predicted. The genetic code has been expanded by reallocating
specific codons to novel amino acids. Orthogonal pairs of tRNA and tRNA synthetase have been
generated by directed evolution and shown to be effective and selective in vivo. For example, a
variety of xenobiotic amino acids can be incorporated into proteins by ribosomes in vitro and in
vivo. Computational modeling supports significant optimization of the genetic code prior to LUCA.

Understanding of the chemical basis of ribosome function has expanded, guided by available three-
dimensional structural information. Ribozymes have been shown in the lab to be capable of
catalyzing a wide array of chemical transformations including isomerizations, redox reactions,
hydrolyses, phosphodiester exchange, aminoacylation, pericyclic reactions, conjugate additions,
and many other extremely important reactions.

The kinetic properties of RNA catalysts can be enhanced in vesicles, pointing to the involvement
of protocells in the origin of life. RNA can participate in regulatory processes, similar to those that
characterize contemporary biological networks. Examples include metabolite-binding riboswitches,
which alter gene expression and regulate metabolite biosyntheses. Riboswitches are found in all
three domains of life and may be analogues of early regulatory systems. The multitude of artificial
riboswitches generated in the last decade is evidence of their regulatory potential.

2.4 AREAS OF RESEARCH WITHIN SYNTHESIS
AND FUNCTION OF MACROMOLECULES IN THE
ORIGIN OF LIFE

I. Paths to Today’s DNA/RNA/Protein-Dominated World
A. Big Picture Questions

B. Key Research Questions

|. Paths to Today’s DNA/RNA/Protein-Dominated World

A broadly accepted group of models presupposes that the number of polymeric components of
biology increased over time. Variations of the RNA world are the predominant models of this kind.
These models are appealing in part because of the apparent simplicity of a single polymer world,
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which takes on the dual role of storing genetic information and catalyzing chemical transformations.
RNA is the only polymer known to possess both of these abilities in Nature.

RNA is an informational molecule, as indicated by messenger RNAs and by viruses with RNA
genomes. RNA is also catalytic, as demonstrated by both in vivo examples and in vitro experimental
selections. In some variations of these models, RNA self-replication and catalysis benefited from
non-coded peptides and other non-RNA cofactors. In RNA world models, metabolic catalysis and
information processes were handed from RNA to proteins, driven by the superior catalytic
capabilities of the latter. In this model, ribosomal translation was a late acquisition, and the central
informational enzymatic system of early life, an RNA-based RNA polymerase, went extinct.

In an alternative model of the path from prebiotic chemistry to early life, polynucleotide and
polypeptide backbones co-evolved. In this model, nucleic acids and proteins were interdependent
even in ancestral forms. This model has the advantage of simplicity in that mature biological
systems did not need to undergo disjunctive processes such as inventing new polymer backbones,
incorporating new biosynthetic pathways and information transduction mechanisms. This model
would not require prebiotic systems to withstand wholesale disappearance of prior informational
molecules, and could also favor exaptation, where a selected molecule could be used for another
function.

It is unclear how the fidelity of information transfer affected the interplay between RNA and
peptides. While the universal genetic code has barely changed since LUCA, it clearly is the result
of evolutionary changes over time. Numerous traces of this process can be found in today’s biology.
Nevertheless, to understand the early stages of protein-based life, the history and origin of the
genetic code must be unraveled. Additionally, the ribosome can synthesize peptide bonds using a
variety of non-natural amino acids; perhaps this plasticity is a remnant of earlier systems.

It is possible that many different sets of amino acids and nucleotides might function as effectively
as the ones used by life today, indicating that the convergence of the universal genetic code was
a local solution to environmental constraints rather than a global solution maximizing catalytic and
genetic efficiency. Alternatively, the code may have undergone significant evolution both in codon
usage and monomer identities prior to LUCA. The order found in the modern genetic code, for
example the assignment of similar codons to similar or identical amino acids, suggests some level
of functional evolution before convergence.

The co-evolution of a symbiotic relationship between multiple polymeric systems could be facilitated
by encapsulation, possibly in protocells or membrane vesicles, allowing retention of successful
outcomes and separation from competitors. The self-organization of systems into hypercycles
could facilitate these processes.

Although it is generally agreed that there once was an RNA World, it is not clear if RNA was the
first genetic macromolecule or if it was preceded by a simpler polymeric structure or surface. The
study of nucleic acid analogs as potential precursors to RNA is an area of active research in the
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origin of life. In considering the importance that a proposed polymer structure might have had in
early evolution, one must assess several different characteristics and functions.

A. Big Picture Questions

Are there straightforward routes for the prebiotic synthesis and coupling of the
monomeric building blocks of the polymer?

Does the polymer offer advantages in comparison to RNA in terms of chemical
stability?

Can the polymer convey and transmit sequence information, such as by a
hybridization process, to itself or to other nucleic acids?

Does the polymer have the capacity to catalyze reactions of importance to early
chemical evolution?

Can the polymer self-replicate or template the synthesis of other sequences with
good fidelity?

Is any genetic information retained during the transition from the polymer to the
RNA World?

B. Key Research Questions
What is the chemistry of macromolecular formation reactions?

Was polymerization driven by chemical coupling agents? What is the source and
persistence of these agents? What was the source of energy and pathway of energy
utilization?

How is the hydrolytic instability of chemical coupling agents managed in water? By brute
force? By removing the water? By making a coupling reaction different from a hydrolysis
reaction?

What mechanisms promote high effective concentrations of monomers (thermal
convection, surface adsorption/permeability, etc.)?

Did non-covalent assembly drive early polymerization? How can supramolecular
assemblies transition to covalently-linked polymer systems?
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If the polymerization of building blocks present at low concentration are thermodynamic-
unfavorable, how high a concentration is needed to overcome that problem? What kinds
of concentration would not only raise the concentration of the species, but also raise their
chemical activity? How can molecular species be pre-organized to create effectively higher
concentrations? What system would not make the problem worse?

If no single set of conditions solves the problem of polymerization of building blocks at low
concentrations, what sort of prebiotic geological scenarios are plausible? Does that
scenario involve dry land? a surface exposed to different intensities of ultraviolet light? a
particular inventory of water on Earth? What about the environment of Mars, where the
surface of dry land was always more abundant than on Earth?

How does information transmission and chemical evolution occur?
What chemical mechanisms allow for information replication and mutation?

What kinds of molecules can be replicated with errors, where the errors themselves are
replicable?

What physical parameters of pre-RNAs and pre-proteins influence kinetics and the
accuracy of replication?

Can nontemplated production of informational polymers be demonstrated?
What are the chemical alternatives? How and why do they occur?

What alternative backbones and side chains exist for functional and informational
macromolecules, and what are their properties? What is the size of the chemical space for
these alternative chemistries?

Did homochirality arise during polymerization/assembly rather than during monomer
synthesis? What degree of homochirality is necessary or optimal?

What is the role of phosphate in early condensation polymerization?
What is the role of environment?

What does the mechanism of polymerization in modern biology (primarily condensation
polymerization and aldol reactions) tell us about the environment in which the polymers
evolved?

Was polymerization driven by cyclic conditions (e.g., water activity, temperature, tidal,
convection)?
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Is there a role for non-aqueous solvents and environments (formamide, hydrocarbons,
deep eutectic solvents, micelles, etc.) in condensation polymerization?

How do non-standard solvents and environments (formamide, hydrocarbons, deep eutectic
solvents, micelles, etc.) affect activity of functional macromolecules?

Macromolecular function: how did physicochemical effects develop over time?

What other chemical linkages exhibit the simultaneous thermodynamic instability and
kinetic stability that characterize phosphate diesters?

What role does polymer solubility/solvation/hydrophobicity play in the origin of function?
What types of rudimentary functions promote polymer persistence, assembly, and growth?

Which folding properties are sufficient for function to arise, and which properties (such as
specific binding and catalysis) are optimal for function?

What are the advanced steps of macromolecular function?
What functions are most likely to emerge early?

What range of chemical functions besides the ones in contemporary biology could proteins
and/or RNA accomplish?

What biological and proto-biological functions can be accomplished by non-natural
polymers?

What led to macromolecular complexity?

How did polypeptides and polynucleotides begin to cooperate? How did the genetic code
originate?

What forces select for regulatory processes in the prebiotic world?

2.5 CHALLENGES FOR THE NEXT TEN YEARS

To understand the origin of current biology, we must investigate possible evolutionary paths from
earliest macromolecular assemblies and polymers to contemporary DNA/RNA/protein-dominated
life. Discontinuities in the pathway to contemporary life that are the consequence of these models
must be addressed. Models must be validated by molecular experiments where they are
experimentally tractable. Models need to be evaluated statistically as well to provide an estimate
of their plausibility—we need to show not only that certain things can happen, but evaluate how
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likely it is they will occur in an abiotic environment. Hypothesis-driven research should shift from
what is possible to what is likely. Modern methods of analysis must be employed to evaluate and
extend current and proposed models.

Sequence and structure analysis of nucleic acids and proteins has been a cornerstone of our ability
to recapitulate earlier forms of life. These efforts can be expanded to analyze higher levels of
biopolymer history. Structures of modern biomolecules at all levels, from the primary to the tertiary,
when viewed in their phylogenetic context, can inform us about biopolymer history. Understanding
hetero- and homochiral assemblies of RNA, protein, metals, and cofactors can tell us about ways
in which biopolymer structure is constrained by energetics and the environment. Similarly, the
functional consequences of contemporary modified nucleotides, and of various orthogonal
nucleotides, when present in RNA or other polymers, might help to understand potential pre-RNA
building blocks. Functions of modern non-coding RNA might indicate how they could have
functioned in early forms of life. The full catalytic power of RNA or proto-RNA polymers in the
context of size, metal and protein cofactors, and sequence space poses many important questions.

In the search for simple replicating systems of catalytic polymers that have the potential to evolve
into more complex systems, a variety of different monomers warrant consideration, including those
that could arise in environments unlike Earth’s. Separation of template and daughter molecules in
the absence of evolved enzymes such as DNA or RNA polymerase remains a challenge.
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EARLY LIFE AND INCREASING COMPLEXITY

INTRODUCTION

Over the span of four billion years, living
systems have generated an
extraordinary range of organizational
plans, creating the immense variety
present in the modern biosphere. We
are faced with the challenge of deriving
overarching rules for evolutionary
processes on the basis of empirical
observations and theoretical frameworks
and using them to develop a general
model of life from which predictions can
be made.

This chapter addresses the inception
and subsequent development of life on
Earth since its origin. The history of life
should be understood in the context of
two fundamental observations: first,
increasingly complex living systems
have arisen over time, and, second,
despite these innovations, the different
branches of life have retained many
traits in common for both contingent and
deterministic reasons.

WHY IS THIS TOPIC IMPORTANT?

The history of life on Earth is the only example of life that we know of so far and, therefore,

the only example from which we are able to derive general principles of what life is and how

it works. A growing understanding of the origin and history of life on Earth contributes to

astrobiological goals in a basic way: better data leads to better theory and, thus, to better

predictions regarding the prerequisites for the evolution and characteristics of life elsewhere

in the Universe.

Observations of present-day life provide the best ecological, behavioral, morphological, and
molecular data. Successful interpretation of patterns exhibited by existing life depends, in turn, on
understanding the geologic context in which that subset of life originated and how it fared through
a succession of challenges and opportunities. Plate tectonics, long-term climate fluctuations,
asteroid impacts, and other large-scale Earth processes have contributed to the origin and
diversification of complex life.
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FIGURE 3-1. A history of extinction through the Phanerozoic. The green and grey represent thousands of well-defined
genera and total genera, respectively, averaged into the red trend line. The yellow triangles represent the five major
mass extinctions and the blue triangles represent several smaller events. Along the bhottom, time is represented in
millions of years before present day. Source: Image modified from Albert Mestre 2005, Wikipedia.

3.2 WHAT DOES THIS RESEARCH ENTAIL?

How we understand and recognize life will guide our search for life on other planets. On Earth, the
transition from non-living to living entities was not a single event but a process of increasing
complexification. Living systems on other planets may prove difficult to recognize if the discovered
organic system is a transitional form.

Here, we adopt the definition that life is a chemical system capable of Darwinian evolution and
focus specifically on the emergence of the first evolving organisms and subsequent elaborations of
living systems. Although there is no commonly held definition of life, all life shares attributes which
may be inherent in living states everywhere. Thus, identifying which attributes of life are likely to be
common to all origins and which are context-dependent will allow us to better predict the nature of
life on other planets.
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Life’s Origin

One of the major questions we are trying to answer is: how does life begin? Every model that has
been proposed so far for life’s origins on Earth involves a prebiotic chemical system that achieves
a level of complexity which allows replication and natural selection. The models for the emergence
of the first Darwinian evolving system involve, for example, the origin of genes and gene transfer
mechanisms, translation, metabolic networks, cellular boundary control, and cell division. The
transition to organismal individuality and increasingly vertical inheritance from earlier states is not
well understood, but may have been a prerequisite for the subsequent evolution of ecological
complexity and the metabolic diversity from which Earth’s biosphere is constructed. Detectable
biosignatures require the proliferation of living systems, and therefore may depend on the
occurrence of these transformations.

The Evolution of Complexity

A number of lineages of life on Earth represent innovations that further increased complexity and
altered the nature of information transfer among individuals and across generations. These
innovations include, for example, eukaryotic cell organization, endosymbiosis, photosynthesis and
other metabolic innovations, multicellularity, cell differentiation, ecological diversification,
ecosystem formation, and eusociality. These major transitions, along with their environmental
context, must be identified and described empirically. In addition, these observations should be
used to construct general theories of processes that promote or reduce complexity, and the
accumulation or loss of diversity at a given level of complexity, which can then be applied to unique,
non-Earth contexts.

Universal Traits of Life

The exact nature of life on other planets most likely depends on the historical context specific to
each world, just as the nature of life on Earth is the product of contingent events here. Yet, life on
Earth also displays remarkable similarities among lineages, not all of which can be explained by
common descent. Evolution has produced convergent solutions in unrelated taxa. For example,
multicellularity has evolved independently many times, and now characterizes many eukaryotic
species. Multicellularity might thus be expected to evolve in living organisms elsewhere, perhaps
with a different probability of doing so depending on the specific genetic architecture of the extra-
terrestrial form of life. A robust accounting of the universal traits of life, and the degree to which
their appearance reflects contingency or inevitability, should be pursued as a means to help predict
the attributes of life on other planets. In addition, an understanding of how different types of complex
life respond to environmental perturbations, including the evolution of interacting lineages, can help
predict the dynamics, deployment, and fate of life on other planets.
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corresponding taxonomic bar and label on the far right), with the first appearance of most animal groups at the
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from Erwin et al. 2011. Reprinted with permission from AAAS.
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3.3 PROGRESS IN THE LAST TEN YEARS

The following are a few examples of research in the past ten years that have advanced our
understanding about early life and increasing complexity.

1.

New pathways for prebiotic synthesis have been discovered. Investigations have
delved into the relationship between life and energy availability, a topic relevant to
understanding habitability in subsurface environments. Research has revealed that
certain peptides (compounds containing two or more amino acids) can achieve
prebiotically relevant enzymatic activity, a finding which aids our understanding of the
transition from prebiotic chemistry to life.

In an effort to explore possible first steps toward the origin of life, researchers have
constructed a continuous flow reactor to simulate the interaction of hydrothermal
fluids and ocean waters with submarine crust on early Earth. They are using this
reactor to investigate the theory that life could have originated around deep-sea
vents at high pressure. Another project has produced a fuel-cell model of the origin of
metabolism on the early Earth or any wet terrestrial world. Further research into the
submarine hydrothermal theory of the origin of life has shown that the first biological
waste product of life originating in this sort of environment would be acetate, making
this organic compound a target for life detection.

Toward understanding how life originated, astrobiologists are analyzing the oldest
remaining evidence of earliest life that preceded the “last common ancestor.” This
evidence lies in the core mechanisms of cellular machinery. It is expressed not only
in the structure and function of individual biomolecules, but also in their interactions
and dependencies within the cell. Research conducted over the past 50 years has
started to reveal that the genetic code is more likely an evolved construct than a
“frozen accident.” Research conducted by astrobiologists in recent years
considerably strengthens the case for an evolved genetic code.

Astrobiologists have conducted the first digital life simulation capable of open-ended
growth of complexity (i.e., arbitrarily high complexity over time). The standard
conception of evolution shows how the fitness of the organism is maximized in a
given ecosystem, but does not explain how complex life emerges or whether such life
is generic or peculiar to Earth. Among insights derived from this work was that
horizontal gene transfer and gene duplication are two operations that enable the
evolution of open-ended complexity.

In vivo studies of the evolution of open-ended biocomplexity have been driven by
advances in both experimental and comparative genomics. These studies, including
real-time laboratory experiments using microbes, have deepened our understanding
of the genetic and ecological mechanisms that drove major evolutionary transitions in
the history of life on Earth. These transitions include the evolution of cooperation,
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which leads to syntrophic communities as well as to a variety of symbiotic
associations that range along the continuum from mutualism to parasitism. Other
transitions in complexity whose mechanistic bases have been illuminated by in vivo
studies include the evolution of differentiated multicellularity and speciation itself.

Ancestral sequence reconstruction has proven to be a powerful tool for studying
ancient cellular life. Reconstruction of the ancestral sequences of ancient gene
families has been used to infer the original functions in the ancestral members of
these families or the conditions under which they had evolved. The synthesis of
proteins from ancestral amino acid sequences has been used to measure the
conditions under which these proteins optimally functioned, a credible proxy for the
environmental conditions in which the ancestral population lived.

Work on synthetic biology in the field of astrobiology has focused on building “life”
from scratch in the lab. Their aim is to assemble a self-replicating protocell under
realistic early Earth conditions. While the transition from non-living to living matter
remains unexplained, research has advanced in many productive directions. Most
advances have been made toward hypothetical RNA world organisms, specifically
the non-enzymatic synthesis of RNA polymers, the development of catalytic RNAs,
and possible compartments such as lipid vesicles.

Some of the oldest sedimentary rocks in the world—the 3.5-billion-year-old Strelley
Pool Formation in Western Australia—provide the best evidence to date for the
earliest life on Earth. This formation contains a reef-like assembly of laminated
sedimentary carbonate accretion structures, called “stromatolites,” that were created
in part by photosynthetic microbes. Recent work on these ancient stromatolites
suggests that an important photosynthetic pathway in the ancient oceans may have
been anoxygenic photosynthetic iron oxidation.

Recent research has explored the role of anaerobic methanotrophic microbes in
regulating Earth’s climate. Such methane-consuming organisms may have been an
important part of early Earth’s ecosystem, and astrobiologists speculate that this type
of metabolism might be possible on Mars. Astrobiologists are also advancing
understanding of chemolithoautotrophs—microorganisms that live on inorganic
energy sources such as minerals. Such organisms provide another model of the type
of microbial life that might be able to thrive on Mars, or other rocky planets.

The development of photosynthetic fixation of carbon has been long regarded as one
of the most important biological innovations on the early Earth, setting the stage for
heterotrophic respiration pathways such as bacterial sulfate and iron reduction.
Astrobiologists have recently compared the isotopic record for carbon, sulfur, and
iron in 3.8-billion to 1.5-billion-year-old marine sedimentary rocks. They found that
expansion of bacterial iron reduction occurred after the carbon isotope record
indicates development of photosynthesis but before the major expansion of bacterial
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sulfate reduction. A well-known major excursion, or deviation, in carbon isotope
compositions at about 2.7 billion years ago coincides with a major excursion in iron
isotope compositions. These coincidental deviations may be an indicator of the
development of a complex ecosystem on Earth that included photosynthesis,
bacterial iron reduction, and methanotrophy.

Today, Earth’s first-order biodiversity pattern is a diversity gradient with maximum
richness in the tropics, and this pattern has been shown to be closely associated with
variations in temperature and other physical variables in time and space, many of
which can be accessed by remote sensing in the present day and estimated using
geochemical and other proxies in the geologic past. The dynamics of these spatial
diversity trends have been quantified and modeled, and the fossil record shows that
the steep gradients seen today were often shallower, and perhaps even absent,
under different global climate states of the geologic past. Research has shown that
ecological communities have responded to these past climate changes by
disassembling, with species moving individualistically along temperature and other
environmental gradients, rather than shifting as cohesive units. These results have
provided insights into the general mechanisms that may generate and maintain
biodiversity in non-Earth systems.

The explosion of complex animal life in the Cambrian has been shown, by integrating
paleontological, geochemical, and molecular-phylogenetic data, to be a genuine
biological phenomenon, and not simply a preservational artifact as many had
suspected. The late pre-Cambrian fossil record was found to contain a few complex
fossils, many of which are now considered to represent an early extinct experiment in
multicellularity, but the precursors to the major bilaterian groups such as arthropods,
mollusks, echinoderms, and vertebrates were simple, small, and homogeneous in
form until the Cambrian explosion. Comparative analyses of later diversifications that
resulted in new higher taxa have shown that the Cambrian radiation was unique in its
magnitude, but that some other evolutionary explosions, such as those associated
with the invasion of land by plants and animals, show a similar “early burst” of
biological form followed by a slowdown, rather than a steady accumulation of novel
morphologies.

The history of complex life on Earth provides information about how life may have
evolved elsewhere. Many aspects of this history are captured in the fossil record, and
the first and last occurrences of many species and higher taxa have now been placed
in a temporal and spatial framework that permits quantitative analyses. These
analyses have confirmed that the trajectory of biodiversity over the past 600 million
years has been extremely unsteady and episodic. Five major mass extinctions and
several smaller events have been confidently detected, and in at least two cases
found to permanently shift the composition, evolutionary rates, and direction of life on
Earth. Geochemical and sedimentary evidence has shown that at least one of these
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events, the end-Cretaceous extinction 66 million years ago, is associated with an
asteroid impact that had a devastating effect on the global biota.

Progress toward a general understanding of life in the Universe has been achieved by studies
conducted at multiple scales and using multiple methodologies. Next, we outline a research agenda
that likewise embraces broad approaches, including evolutionary theory, the emergence and
function of the fundamental molecules of life, and the drivers of evolutionary dynamics at ecological
and geologic timescales.

3.4 AREAS OF RESEARCH WITHIN EARLY LIFE
AND INCREASING COMPLEXITY

I. Origin and Dynamics of Evolutionary Processes in Living
Systems: Theoretical Considerations

II. Fundamental Innovations in Earliest Life

lll. Genomic, Metaholic, and Ecological Attributes of Life at
the Root of the Evolutionary Tree

IV. Dynamics of the Subsequent Evolution of Life

V. Common Attributes of Living Systems on Earth

|. Origin and Dynamics of Evolutionary Processes in Living
Systems: Theoretical Considerations

We are working to generate a general understanding of life in the Universe on the basis of life on
Earth. In order to make this step, we must start with a theoretical framework that captures the
general features of life on Earth. Two approaches to life—as composed of interacting networks and
evolving lineages—allow us to think of life in broad terms. They provide important insights into what
it means to be “alive,” but also challenge us to be more precise about how we think about individuals
and groups in the context of life.

Life on Earth began with the origin of the earliest metabolic and evolutionary network and then
diversified into an astonishing array of life forms across the surface of the planet. As the process
unfolded, new selective pressures arose as the biosphere became a larger actor within the
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environment. The emergence of interacting networks allows for more complex functions than those
of the individual alone (e.g., molecules to genes, genes to genomes, cells to colonies, etc.). The
new relations effect new mechanisms of variation and selection and give rise to new levels and
forms of individuality. Such interactions appear to be crucial for understanding the properties of life.
The evolution of sequences (e.g., polymers, metabolic chains) and networks (e.g., metabolic,
ecological) provides a major source of biological change and innovation. Understanding the
dynamics of these transitions is, therefore, a crucial prerequisite to understanding the origin and
development of life.

Life is characterized by exquisitely coordinated metabolic and information-processing mechanisms.
Because these are prone to degradation and decay, Darwinian evolution is required to preserve
and stabilize out-of-equilibrium structures: if the metabolic and information processing mechanisms
are not present in the daughter cells, then the cell dies out and is replaced by other cells that have
these mechanisms.

Similarly, organisms coordinate with other organisms. Microbes form associations with one another
and with complex macroorganisms, and these associations vary from incidental interactions on
ecological time-scales to seemingly permanent relationships that endure over geologic time-scales.
Over short time-scales, microbes can opportunistically use waste products produced by other
organisms as sources of energy. More stable and finely tuned interactions may give rise to
syntrophies, where certain processes in one organism require close interaction with another
organism, and vice versa. The associations among or between microbes, or among microbes and
their macrobial partners, may become so interdependent that one cannot exist without the other,
as in symbiosis, or that neither can exist without the other, as in mutualism. Perhaps the most
striking examples of the latter are those associations that gave rise to two of the most significant
innovations in the eukaryotic lineage: the mitochondrion and the chloroplast. All of these
associations, from the incidental and opportunistic to the enduring and obligate, challenge the
definition of what is an individual, and present interesting problems for evolutionary theory.

One example presently of interest, which explores how something as general as spatial geometry
can constrain quite sophisticated systems, comes from scaling relations originating in metabolism.
Many biological variables (mass, metabolic rate, longevity, structure of circulatory system, etc.) are
related to one another “allometrically;” that is, the relationship can be described by a power law in
which the typical exponent is some multiple of 0.25. These allometric relationships constrain the
morphological and functional states occupied by organisms, species, and ecosystems and may
influence patterns in the evolution of complex life. They are thus likely to be universal constraints
that will apply to life anywhere. The evolutionary dynamics of such allometric processes have not
been fully explored.
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Key Research Questions about Origins and Dynamics of Evolutionary
Processes

Evolutionary Context

Both the environmental conditions and genetic context of a genotype can heavily influence
its phenotype. Their interactions are unclear and unpredictable but absolutely crucial for
understanding evolution and the emergence of innovations. These considerations beg the
questions:

1. How do environmental conditions affect and constrain evolutionary pathways,
influencing, for example, the types of mutations and the rates at which they arise?

2. How do prior genetic context and history affect and constrain future evolution and, for
example, the emergence of metabolic and organizational innovations?

3. Are there universal principles related to the origin of selection?
4. s there directionality in the evolution and elaboration of complexity?
Evolvability

The ability to innovate is perhaps the most exciting feature of biological systems. Biology
has demonstrated this ability in myriad ways, but we do not yet understand how to
manipulate or analyze it. We may therefore ask:

1. How do evolutionary innovations originate?

2. What are the advantages and disadvantages of modularity, and how does modularity
arise?

3. What is evolvability, and what are good metrics for evolvability of different chemical
systems?

4. How do evolvable chemical systems arise from non-evolvable chemical systems?
5. Are there characteristic time-scales of evolution?

6. What properties are required for open-ended evolution?

Structure of Networks

Interaction networks are central to life. Molecular interactions, genetic interactions,
epistasis, metabolic networks, and ecological networks are all examples of the importance
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of network structure and architecture in living systems. While we may understand the
“parts” of life, we know relatively little about their interactions. Therefore, we ask:

1.

2.

4.

What is an individual?
How did/do individuals emerge?

How did/does the network structure of molecular or organismal interactions affect
evolution?

What network architectures support survival and evolution?

Evolutionary Landscapes

The importance of evolutionary landscapes has spawned much theoretical work, but
comparatively little experimental work has been done due to technical difficulty. Recent
developments in biotechnology now enable quantitative study of these crucial issues.

1.

How reproducible and diverse are evolutionary pathways, given the same or different
conditions?

How does evolutionary history constrain future evolutionary pathways?

What do fitness landscapes look like? Which landscapes are characterized by neutral
networks, and why?

How do evolutionary landscapes in sequence space translate into landscapes in
structure and function space, both at the molecular level and at the supramolecular
level?

Modularization of Living Functions and Levels of Selection

1.

2.

How do mechanisms of evolution change at greater levels of complex organization?

How does selection relate to individuality, and how far down (atoms, molecules,
proteins) and how high up (communities, symbioses, ecosystems) can the individual
extend?

Is it inevitable that units of selection cluster into forms that act as higher level units of
selection?

Physical, Developmental, and Chemical Constraints on Selection

1.

What are the constraints on the evolution of developmental complexity? What are the
constraints on the chemical pathways for metabolisms and organisms to emerge and
evolve? Is the evolution of complexity inevitable, and does it require eukaryotic
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architecture? What are the modes of developmental complexity (life history, cell
associations, tissue types)? What processes were essential in episodes when
complexity increased?

2. What are the allometric laws constraining the evolution of life, and under what
conditions are they obeyed or violated?

3. Is life a generic outcome of the laws of physics, an inevitable planetary phenomenon
if certain conditions of disequilibrium are met?

[I. Fundamental Innovations in Earliest Life

Life on Earth displays a wide variety of complex structures and operations, such as cells, RNA,
proteins, lipid bilayers, metabolic networks, information systems, and so on. Understanding the
emergence of these traits will require both reductive and synthetic approaches.

Reductive approaches are those that identify traits by scaling down existing living systems.
Synthetic approaches are those that identify traits by building models up from plausible prebiotic
components, linking environmental chemistry to the formation of the earliest life. Both approaches
are needed because reductive approaches have the difficult task of tracing evolutionary steps
backwards, and much of the information (i.e., genes and gene domains) was almost certainly lost,
and therefore is not present in any living organism. Synthetic approaches, meanwhile, can generate
an array of plausible scenarios that can be difficult to narrow to specific historical pathways.

These approaches are particularly useful in considering alternative solutions to those that appeared
on Earth. We do not know, for example, whether alternative modes of inheritance would yield
patterns or processes of evolution that would differ significantly from those observed in Earth’s
biota. Research using both reductive and synthetic approaches will lead to a better understanding
of how early life formed, and the sequence and dates that particular traits were acquired.

Neither the existence or functioning of living systems can be understood outside the context of the
conditions in which they exist. These conditions include physical aspects of the environment, such
as chemistry and energetics, and also inherently biological aspects such as co-evolved
interdependencies among members of communities. Therefore, an essential part of identifying
plausible models for earliest life also includes identifying relevant contexts, and the ways living
systems embed within them.
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Key Research Questions about Innovations in Earliest Life

How do the essential traits of life arise from the geochemical environment, and
what factors do we consider essential for the most basic living system?

1.

2.

What are the relevant spatial and temporal scales for the origin of life?
Is life a necessary consequence of certain environmental conditions?
What is a minimal energetic source/mechanism?

What environmental pressures applied to the earliest life on Earth?
What evolutionary pressures applied to the earliest life?

How do the conditions for the origin of life differ from conditions for sustaining life?
What does this tell us about the “habitable zone™?

Are there adaptations and selections preserved within reconstructions of the LUCA
genome that would indicate its origin?

If Earth organisms exist that represent a second origin of life, how would we
recognize and differentiate them?

What was the history and order of biological innovations associated with the
emergence of life?

1.

What are the simplest structures we think of as having a biological “function” (e.g.,
enzymes, genes)?

What are the simplest structures that could have been the first life forms, or
contributed to the origin of life? (e.g., viruses, prions)? Put another way, what are the
simplest structures that could undergo Darwinian evolution, with self-replication,
selection, and mutagenesis, which would then have evolved into more complex life
forms and cells?

Are viruses good models for the earliest life?

Can we date important metabolic innovations (e.g., chemiosmosis, chemoautotrophy,
phototrophy)?

Can we date important structural innovations (e.g., chromosomes, organelles,
flagella)?

3 - EARLY LIFE AND INCREASING COMPLEXITY |



48

10.

11.

NASA ASTROBIOLOGY STRATEGY 2015

What does phylogenetics tell us about the oldest/most common genetic components
of life?

Can we make progress toward constructing life capable of Darwinian evolution from
atoms?

Can we make progress toward constructing life capable of Darwinian evolution from
components of living cells?

Are endosymbionts good models for the earliest cellular life?

What was the relative timing of an RNA-to-DNA genome transition, if such an event
occurred?

How did life make the transition from a communal or collective phase, where it is the
community that varies in descent, to the present epoch, where there is vertical
descent of individual organismal lineages?

Is there a minimal set of vital requirements for life?

1.

2.

How is life/metabolism determined by structure, energetics, and information content?

Which components of a membrane are important for establishing cellular
individuality?

Is it helpful to think of the earliest life as a “self-sustained chemical system capable of
undergoing Darwinian evolution”?

How did the sharing of genes (or information molecules) through lateral gene transfer
affect the results of evolution by natural selection (i.e., “Darwinian evolution”) in the
first replicators, and afterward?

How are lineages defined with respect to the “lateral transfer” of genes (or other
information molecules), and how should the concept of selection be applied to
lineages with high levels of such mixing?

Can studies of living bacteria and microbial organisms indicate whether evolutionary
dynamics are different when lateral variation is common or uncommon?

Experimental model systems

1.

Which molecules are necessary to obtain a self-replicating system capable of open-
ended Darwinian evolution?
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2. How do physical and chemical properties of biopolymers affect evolution and
evolvability?

3. What can we learn about the evolution of early life from experimental systems of
molecular networks and cycles?

4. What can we learn about the evolution of early life from long-term experimental
evolution of microbes?

5. What can we learn about the evolution of early life from artificial life?
6. Is there any genomic evidence for interplanetary panspermia (e.g., Mars to Earth)?

7. How do new forms of selection (i.e., starting from strictly abiotic environments and
evolving into ecological interactions) and, consequently, drift and neutrality arise?
How important are these new mechanisms for stabilizing and filtering diversity for the
elaboration of biological complexity?

8. What processes drive unassociated microorganisms toward interactions of increasing
connectivity with other organisms, such as syntrophy and symbiosis?

l1l. Genomic, Metabolic, and Ecological Attributes of Life at the Root
of the Evolutionary Tree (LUCA)

Present-day organisms share a number of foundational commonalities that testify to a last universal
common ancestor (LUCA) by which they are all related. The sequencing of genomes from across
the Tree of Life has enabled comparison-based studies, which so far reveal that the organisms
represented by LUCA were likely cellular and contained many of the genes, proteins, and biological
functions present within modern lineages (LUCA may well be not a single organism but many,
perhaps thousands, of different organisms or populations).

This minimalist reconstruction lacks the resolving power to discriminate among competing
hypotheses about prebiotic chemistry and early life, the relative timing of LUCA, the origin of
cellularity and Darwinian selection, and other issues critical for placing the emergence of life on
Earth within an astrobiological context. Advances in genomics, bioinformatics, and computational
biology, paired with increasingly sophisticated techniques in molecular evolutionary biology, will
enable descriptions of LUCA that are more detailed and more accurate than previously have been
possible.

The recent growth of bioinformatics databases, the sophistication of evolutionary and ecological
models, the availability of high-performance computing resources, and the emerging capabilities of
synthetic biology permit new investigations of life at this stage of evolution with greater detail and
greater confidence than has been previously attempted or even considered possible. This
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transition, the timing and
nature of LUCA, and the
emergence of the first
branches on the Tree of Life
can, therefore, be
understood in mutual
context.

The root of the Tree of Life
identifies the ancestral,
organismal point of
coalescence of all life known
to have existed on Earth.
This ancestral state marks a
horizon at which the
structure of evolutionary
dynamics altered due to
changes in the composition,
integration, and transmis-
sion of cellular components.
LUCA presumably encom-
passes periods during which

EUKARYOTES

Fungi

BACTERIA  Cranobacteria

ARCHAEA
renarchaeota

Euryarchaeota

Primitive ancestral cells

FIGURE 3-3. Uprooted Tree of Life, where LUCA is a population of
organisms. Source: From Teske and Edwards 2005. lllustration by
Jayne Doucette, WHOI.

multiple innovations in molecular biology occurred, possibly including the roles and relations of
macromolecules and the nature of cellular memory and control systems, including translation.

The nature of life prior to LUCA is of particular importance because it provides a window into the
changes in modes of individuality that led gradually to vertical descent as the dominant mode of
gene transmission. This transition made possible the appearance of discrete organismal lineages,
and therefore initiated the characteristic branching nature of the Tree of Life. As such,
understanding life just prior to the first branch can inform our expectations for whether and how this
same transition might take place throughout the Universe.

Key Research Questions about Attributes of LUCA

The evolutionary history and ecological context of LUCA

A popular evolutionary model for the earliest life is that it was dominated by horizontal gene
transfer (HGT) to a sufficient degree that individual lineages cannot be distinguished from
one another. A transition from this regime to one of vertical inheritance and the
establishment of distinct lineages would, in retrospect, result in the apparent detectability
of LUCA. Alternatively, this transition could have occurred earlier, with vertical inheritance,
speciation, and distinct microbial lineages existing before the time of LUCA. In this schema,
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pre-LUCA lineages
still  could have
acquired many
genes via HGT, in
the same way that
organismal lin-
eages do today.

1. How much

time and
evolution
occurred
between the
origin of life
9 n FIGURE 3-4. Phylogenetic tree showing horizontal gene transfers,
and LUCA? indicated in green and blue, between different vertical lines
representing genetic descent. On the top surface, the pink web shows
2. Do genomic the interconnectedness of the modern community. Source: Image from
o Dagan et al. 2008. Copyright 2008 National Academy of Sciences,
proteomic, or U.S.A.
metabolic

features at the
root of the Tree of Life suggest even earlier stages of evolution that can be
characterized?

3. Does the root of the Tree of Life represent a single individual, a species, or a
population of species?

4. What is the role of HGT in the coalescence of the last common gene ancestors, and
how does this relate to the last common organismal ancestor? Did HGT from extinct
lineages contribute to the coalescence of LUCA?

5. What selection regimes could have driven life toward organismal individuality and
gene transmission through vertical inheritance?

LUCA as a window into early cellular life

A minimal LUCA genome can be, and has been, computed by comparing the gene
complements of modern species across the evolutionary tree. In some cases, the
emergence of certain gene families prior to LUCA can be ordered. Further refinement of
these techniques is required, however, to achieve higher-confidence predictions of LUCA’s
genome and pre-LUCA gene evolution, and to possibly infer other biological properties that
may not have endured to be present in modern lineages. Important membrane-related
protein families were present in LUCA, including those responsible for inserting other
proteins into the membrane. The ability of LUCA to use the membrane as a controlled
boundary may reveal characteristics pertaining to organismal individuality and its
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rRNA accretes with preservation of the ancestral core rRNA. Each structure is experimentally determined by X-ray
diffraction or Cryo-EM. Source: Image from Petrov et al. 2014. Reprinted with permission from PNAS.
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relationship to the environment and other organisms within it. In addition, the growth of
metabolic databases and metabolic pathway prediction based on organismal gene
complements permits the prediction of metabolic pathways in modern organisms. This
same approach could be applied to LUCA gene complements, which should constrain
possible biological environment(s) for life at the root of the evolutionary tree.

1. Which gene families had evolved by the time of the root of the evolutionary tree?
In what order did these earliest functions emerge?

2. Which metabolic networks existed at the root of the evolutionary tree, and can we
use that information to constrain the surrounding chemical environment?

3. What was the nature of cellular membranes at the root of the Tree of Life?

4. Was DNA the genetic material of LUCA, or could it have been RNA or some other
genetic polymer?

5. When was the timing of LUCA with respect to the geologic and geochemical record?

IV. Dynamics of the Subsequent Evolution of Life

The biological innovations that have shaped the history and breadth of life on Earth have been
mediated by changes in their physical and biological environments. Thus, a simple way to organize
the drivers of evolutionary dynamics is in terms of intrinsic and extrinsic factors. Intrinsic factors
involve the origin and consequences of evolved traits, from the appearance of fundamental traits
like complex cells to the development of clade-specific traits such as limbs or flowers. Extrinsic
factors are the environmental factors that drive evolutionary innovation. They may operate on time
scales ranging from abrupt events, such as asteroid impacts and major volcanic eruptions, to
longer-term shifts, such as changes in seawater chemistry. Understanding these factors and their
interactions will enable us to better use Earth systems to estimate probabilities and evaluate
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biosignatures of complex life on other planets, and to predict where on other planets life is likely to
be most abundant and diverse.

Intrinsic Factors

Evolutionary lineages appear to differ in their ability to generate evolutionary novelties, but the
differences are poorly understood. Intrinsic factors such as the configuration of developmental
pathways or background levels of metabolic activity may be involved, but these are open questions.
Further, the origin and success of evolutionary innovations might primarily represent necessary
biological responses to the local environment. Alternatively, they could mainly represent chance
events frozen into the biosphere by history and unusual events. The investigation of habitability
and extrapolation from Earth life to life elsewhere should explore the relationship between
necessary and chance events in the history of life. Analyses of the evolutionary and environmental
context in which microbial and metazoan/metaphyte innovations arise (including such “late”
innovations as flight, limbs, flowers, and metazoan photo- and chemosymbioses) can contribute to
a predictive theory of evolutionary novelty that extends beyond contingency to large-scale
generalization.

As examples, we focus here on three innovations of particular interest to astrobiology. The first is
the evolution of complex biological systems from simple ones, a process that includes genealogical,
functional, and morphological aspects. Events that represent increasing complexity include the
origins of chemotrophy and autotrophy, metabolisms active in chemical cycles (such as the nitrogen
cycle), intracellular structure, regulation of internal conditions, and multicellularity. The second
innovation is the acquisition of energy by living systems. Like the first innovation, this affects
geologic and atmospheric chemistry, the incorporation of energy as biological information, and the
diversity of life. The third innovation, phototrophy, stands out for its contribution to the global energy
budget and atmospheric composition of Earth.

Intrinsic Factor: The Evolution of Complexity

Some evolutionary innovations represent increases in complexity, although complexity trends are
not universal across lineages or through time. Certain increases in complexity are the raw material
for generating new levels of organization that represent major evolutionary transitions, such as from
prokaryotes to eukaryotes. Moreover, certain classes of innovation seem to characterize certain
time intervals; for example, during the Cambrian explosion of multicellular life. Some of these
pulses of innovation also appear to be related to environmental change. Evolutionary rates might
be linked to complexity, but this effect may be more evident in comparing single cells to multicellular
organisms than in analyses within single groups, such as mammals or echinoderms.
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Intrinsic Factor: Energy Acquisition in Living Systems

The conversion of environmental energy to biological maintenance and work is central to our
understanding of life on Earth and our expectations for life elsewhere. Phototrophs convert sunlight
into biologically useful energy in the form of chemical gradients and reduced molecules (notably
adenosine triphosphate [ATP] and nicotinamide adenine dinucleotide [NADH]). This process is
complex, suggesting that simpler forms of energy acquisition developed first. Chemotrophy
involves the generation of biologically useful energy from local chemicals rather than light.
Chemoautotrophs take energy from inorganic molecules, while chemoheterotrophs take energy
from organic molecules, often the byproducts of other organisms. Mechanisms for energy
acquisition have a profound impact on chemical cycles on Earth. They inform our understanding of
the boundary between living systems and their environments as well as our expectations for
geologic processes on inhabited worlds.

Intrinsic Factor: The Origin and Early Evolution of Phototrophy

Life on present-day Earth is largely dependent on the products of oxygenic photosynthesis. A major
question, therefore, is how did photosynthesis originate and evolve? The geologic record of sulfur
isotopes, red beds, and detrital uraninites and pyrites are consistent with the presence of oxygenic
photosynthesis since at least 2.4 billion years ago (Ga). The geologic record of carbon isotopes in
sedimentary carbonates and organics displays a relative difference in 8'*C of ~20-30% from the
present-day to ~3.5 Ga. This is consistent with some form of carbon fixation, including
photosynthesis or chemoautotrophy. Possible microfossils with cyanobacteria-like morphologies
and stromatolites of probable biogenic origin are present at 3.5 Ga, and may offer additional indirect
evidence for the presence of photosynthesis. The meta-sedimentary rocks of Akilia, which are older
than 3.85 Ga, contain apatite with graphitic inclusions with 8'*C values consistent with some form
of carbon fixation. The entire record of life on early Earth appears to be a record of carbon fixation,
and quite possibly photosynthesis specifically.

Extrinsic Factors

The diversity of life on Earth at any point in time is a function of environmental gradients
(temperature, moisture, redox potential, light spectra and intensity, nutrients, etc.) and how those
gradients have developed through time. Plate tectonic processes control the distribution of land
masses and topography through time, which in turn has significant influence on sea-level and
climate. On shorter timescales, planetary climate also responds dramatically to astronomical
forcing and perturbation to the ocean-atmosphere system. These relatively continuous processes
are critical to understanding the evolution of complex life, but must be viewed in concert with short
term, global scale perturbations of the planet such as bolide impacts, massive volcanic eruptions,
or geochemical cycle changes that have generated mass extinctions. Despite several decades of
intensive, multidisciplinary study of mass extinctions, a full understanding of the causes and
consequences of these events remains elusive. Because similar events also may occur on other
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Composite Events: Intrinsic plus Extrinsic Factors

Many evolutionary events reflect both intrinsic and extrinsic factors. The Cambrian explosion of
animal life, as currently understood, is a good example. The explosion drew on intrinsic evolutionary
innovations in the developmental regulation of organismic anatomy, yielding the relatively sudden
appearance or elaboration of the major metazoan body plans, and was evidently promoted (directly
or indirectly) by increasing oceanic/atmospheric oxygen. The evolutionary interplay and feedbacks
between organisms and their environment is typified by multiple independent origins of mineralized
skeletons, presumably in response to ecological pressures such as predation and competition,
which further affected global carbon, phosphorous, and other nutrient budgets. As another
example, complex organisms modify their environment in ways that affect the evolution of their own
and other species. Although many such changes are ephemeral, other changes are sufficiently
persistent in time or space to influence evolutionary trajectories of the modifying species or other
taxa. These modifications, often produced by complex communities of intimately interacting
organisms, can affect both the physical and chemical environments, e.g., formation of reefs, which
allow colonization by organisms that prefer this substrate. Such ecosystem engineering can be an
important driver of evolution, and is also likely to occur during the evolution of life beyond Earth.
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Key Research Questions about the Dynamics of the Subsequent Evolution of
Life

Intrinsic Factors: Complexity

1.

2.

What are the different modes of complexity, and how can they be quantified?
Why do complexity trends appear in some lineages and not others?

Why do certain classes of innovation characterize certain time intervals?
What are the pressures and mechanisms for the increase in complexity?
What might drive a lineage to reduce complexity once achieved?

What can account for variations in the rate of evolution at different levels of
complexity?

Are more complex organisms more prone to extinction than simpler ones?

Do mechanisms of evolution change at greater levels of complex organization?

Intrinsic Factors: Energy Acquisition

1.

Can we propose minimal energy requirements for life, both in terms of availability and
efficiency?

How are trophic pathways related to other metabolic processes historically,
energetically, and organizationally?

What trophic mechanisms were present in the last common ancestor?

What is the role of trophism and other metabolic processes in starting and
maintaining chemical cycles on Earth?

Can we discern isotopic signatures of early chemotrophic processes?

What energy sources are available in Earth environments, and what environments
were available for early life?

What potential electron sources and sinks exist that are not utilized by known
metabolisms?
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What electron sources and sinks are available in non-Earth environments? How does
their abundance inform our expectations for the existence, diversity, and range of life
in those environments?

How will biosignatures vary as a function of the metabolisms of the organisms that
produce them?

Intrinsic Factors: Phototrophy

1.

2.

10.

How soon after the origin of life did phototrophy arise?

How does phototrophy impact the way life interacts with the surrounding
geochemistry, and to what extent does this relationship provide biosignatures?

What did the earliest forms of phototrophy look like?
What photoreactive chemicals were available in the environment of early life?

Was phototrophy adapted from simpler forms of light-driven energy transduction, UV
protection mechanisms, trophic mechanisms, or some other process?

When did organisms evolve oxygenic photosynthesis, what were its evolutionary
precursors, and how is this innovation related to the general oxidation of the Earth’s
crust and atmosphere?

How much biologically useful energy is produced by bacteriorhodopsin and other
photoreactive biochemistries? Is this enough to sustain an organism?

Are there undiscovered types of phototrophy present on Earth today?

What types of light can be biologically useful and how does the range of phototrophy
constrain our concept of habitable planets?

How will the biosignatures of pigments differ for different atmospheric compositions
and parent stellar type?

Extrinsic Factors

What are the planetary controls resulting in taxonomic, ecological, metabolic,
functional, and morphological biodiversity?

Are there general principles underlying mass extinctions and recoveries?

How does the rate or spatial scale of a perturbation determine its evolutionary
consequences?
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4. How can we predict the consequences of a perturbation, depending on whether it
occurs in different planetary states (e.g., greenhouse vs. glaciated worlds)?

5. How does the construction and modification by organisms of complex environments
affect the evolution of complex life?

V. Common Attributes of Living Systems on Earth

Identifying the major drivers of planetary-scale patterns and trends in biodiversity, with the goal of
differentiating between those mechanisms likely to be present wherever complex life exists and
those specific to the evolution of life on Earth, will contribute to our understanding. To that end,
particular attention must be paid to the environmental context and the tempo, mode, and direction
of that evolution.

Shared attributes of living systems on Earth may reflect constraints of physical or chemical law,
features that are historically contingent but shared due to common descent, or results of
convergence from ancestral states that were more or less divergent. Some inherent confounds
exist between features reflecting absolute constraint and others reflecting universal common
ancestry, as commonality alone is not sufficient to distinguish the two as causes. In addition to the
problem of confounded chance and necessity, further distinctions may exist between attributes that
would be necessary under general conditions, and others that may be strongly determined and yet
sensitive to fine details of environmental conditions. Features shared only within clades are more
readily interpreted as having a common ancestry rather than strict constraint, while convergences
are more readily interpreted as reflections of shared conditions of life.

Examples of universal or near-universal features include the genetic code, chirality, sugar
metabolism, and the lipid bilayer structure of cell membranes. As examples of commonality within
single evolutionary branches, vascular plants have inherited photosynthetic mechanisms,
vertebrates have inherited calcium phosphate skeletons, and mammals have inherited digits from
ancestral forms near the inception of those lineages. A recent study has suggested that the
direction of the proton gradient across cellular membranes might be the result of the life originating
at alkaline hydrothermal vents.

Shared traits due to convergence result when taxa independently arrive at similar solutions to
similar problems. These solutions are the outcomes of repeated experiments conducted in very
different environmental contexts and by forms of life that are phenotypically very distinct. The
generality of a solution might be estimated from the number of times a similar adaptation arose in
strongly disparate lineages; the more readily acquired it is by evolutionarily divergent lineages, the
more likely it is to appear on another planet in response to a similar problem. For example, highly
integrated multicellularity arose independently in animals, land plants, two groups of algae, and two
groups of fungi, and colonization arose independently in taxa as varied as marine invertebrates,
freshwater algae, and social insects.
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TABLE 3-1. Extremophile and tolerance tables.

The Limits of Known Life on Earth*

Valleys (Antarctica)

Factor Environment/Source Limits
High Temperature Submarine Hydrothermal Vents 11010 121°C
Low Temperature Ice -17 t0 -20°C
Alkaline Systems Soda Lakes pH> 11
Acidic Systems Volcanic Springs, Acid Mine Drainage pH-0.06 t0 1.0
lonizing Radiation Cosmic Rays, X-rays, Radioactive Decay 1,500 to 6,000 Gy
UV Radiation Sunlight 5,000 J/m?
High Pressure Mariana Trench 1,100 bars
Salinity Low Temperature Systems oH20 ~ 0.6
Desiccation Atacama Desert (Chile), McMurdo Dry ~60% relative humidity

Extremophiles**

Microaerophile

Tolerates some 02

Factor Class Defining Growth Condition Example Organisms
High Temperature | Hyperthermophile |>80°C Pyrolobus fumarii
Thermophile 60 to 80°C
Low Temperature | Psychrophile <15°C Synechococcus lividis
High pH Alkaliphile pH>9 Psychrobacter, Vibrio, Anthrobacter
Low pH Acidophile pH < 5 (typically much less) Natronobacterium, Bacillus, Clostridium
paradoxum
Radiation - High ionizing and UV radiation Deinococcus radiodurans, Rubrobacter,
Pyrococcus furiosus
High Pressure Barophile High weight Unknown
Piezophile High pressure Pyrococcus sp.
Salinity Halophile 2to 5 M NaC1 Halobacteriaceae, Dunaliella salina
Low Nutrients Oligotroph e.g., <1 mg L™ dissolved organic carbon Sphingomonas alaskensis, Caulobacter spp.
Oxygen Tension Anaerobe Cannot tolerate 02 Methanococcus jannaschii

Clostridium

Chemical Extremes

Tolerates high concentrations of metal (e.g.,
Cu, As, Cd, Zn)

Ferroplasma acidarmanus
Ralstonia sp. CH34

* Table adapted from Marion et al. 2003. Reprinted with permission from Elsevier.
** Table adapted from Mancinelli and Rothschild 2001. Reprinted with permission from Macmillan Publishers Ltd.

It is important to understand how, within the last half-century, our expanded understanding of
terrestrial environments that harbor life has changed our understanding of the limits within which
life is not only definable, but still is capable of sharing many features. The discovery of life outside
Earth could further change the ways we understand what is necessary and what is contingent upon

environment.
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Key Research Questions ahout the Common Attributes of Living Systems

Are common attributes of life on Earth due to common ancestry (homology) or
limited solutions to common problems (convergence)?

1.

Which common attributes - molecular, organismal, and ecological - are shared by
distantly related organisms?

What attributes of organisms, species, ecosystems, etc., have repeatedly originated
in distantly related organisms?

Under what evolutionary and environmental context(s) did analogous traits appear?

What role did chance and necessity play in the origin of analogous traits (i.e., which
were deterministic, and which were contingent)?

To what extent does convergence depend on the initial conditions or starting point of
the evolutionary lineages involved?

Which common attributes of life on Earth are likely to arise?

1.

On another planet, how likely are events which precipitate the appearance of a
common solution?

How likely is it that a given biosignature will be produced by extraterrestrial life in
similar environments?

From common features related to Earth’s chemical composition and geo-energetics,
how do we extrapolate our understanding of these commonalities to other locations
of astrobiological interest that have different chemical compositions and energetics?

To what extent is the diversity of environments on Earth representative of the
diversity that can be expected elsewhere?

When does the diversity of terrestrial environments afford experimentally accessible
analogues to smaller astronomical bodies?
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Co-EVOLUTION OF LIFE AND THE PHYSICAL

ENVIRONMENT

INTRODUCTION

Life affects its environment; at the same
time, the environment affects life. This
give-and-take is often expressed in
feedback loops within planetary
systems—that is, responses to change
that either resist or enhance the
perturbation and tend to stabilize an
environment at a particular state,
transition it to a different stable state,

or send it into a runaway state.

Life forms complex relationships with its
environment on all spatial scales.
Ultimately, we wish to understand these
relationships well enough for them to be
useful in looking at other planets and
environments. The overarching theme,
then, is how does life modify its
environment while environmental
change is mediating the distribution of
life over a range of scales in time and
space? We break up this question
based on various spatial or temporal
divisions: past/future life, subsurface/
atmospheric processes, microbial/

planetary scales, and chemical/physical
environmental parameters.

One approach to studying these
feedbacks is through analysis of Earth’s
past and present, which informs our
predictions about Earth’s future. This
combined perspective gives us many
examples and possible scenarios that
lead to testable hypotheses. Examples
of past scenarios include how major
transitions in biological evolution, such
as the origins of photosynthesis,
multicellularity, and intelligent life,
affected the planet. Major changes to
the physical state of a planet that have
influenced biology include the
emergence of plate tectonics and
continents, as well as climatic transitions
and extremes such as the global-scale
glaciations known as “Snowball Earth”
episodes. Mass extinctions have been
triggered by both planetary processes
and feedbacks initiated by biological
processes.
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FIGURE 4-1. Major geological processes that have shaped and altered the mineralogical and physical landscapes of
Earth. Dynamic processes, such as weathering, erosion and plate tectonics, have helped insure the habitability of
Earth for hillions of years. Source: Modified from images from Submarine Ring of Fire 2002 (NOAA/OER) and José F.
Vigil and Robert I. Tilling (U.S. Geological Survey).

4.1 WHY IS THIS TOPIC IMPORTANT?

Environmental change has accompanied every major event in the history of life—as either
a cause or an effect. This relationship is the most compelling argument for co-evolution of
life and the physical environment. It follows that the collective mechanisms, feedbacks,
tipping points, contingencies, and intrinsic and extrinsic drivers that define this co-evolution
must be understood to explain billions of years of sustained habitability on Earth—and likely
elsewhere. It is our good fortune that this relationship manifests in diagnostic fingerprints,
including diverse geochemical markers, which can be read in the geologic record as
evidence of the combined factors that sustain habitable worlds under dynamic conditions

and can be detected as such, even on extraterrestrial hosts.

Co-evolution of life and the environment ties into and informs other themes in this document in
three major ways. First, the processes that led to life on Earth are inherently environmental
phenomena. Abiotic delivery of organic compounds and prebiotic chemistry can be regarded as
the first environmental influences on life. Second, as early life evolved increasing complexity, its
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interactions with the planet increased in diversity, eventually developing into complex feedbacks.
By studying this co-evolutionary past, we deepen our understanding of habitability and learn about
significant branch points in the history of the habitability of Earth-like planets. Finally, studies of
other planets—both real and hypothetical—inform and benefit from work on the intimate
interactions between life and its physical environment. Observations of specific habitable
environments in planets and moons in our Solar System can illuminate the properties of Earth that
permitted life to flourish here, suggest the potential for life on other bodies in our Solar System, and
provide a foundation to model rocky planets in other planetary systems. Furthermore, as we explore
planets in and beyond our Solar System, we must develop the capacity to assess the habitability
of these environments and to recognize and characterize signatures of life—from the microscopic
to the planetary scale. These efforts to identify and characterize biosignatures are necessarily
informed by close examination of Earth’s past, present, and future.

4.2 WHAT DOES THIS RESEARCH ENTAIL?

We wish to understand how life and biological communities respond to changes in their
environment, and in turn alter the environment. This effort requires a fundamental understanding
of the diversity of life on Earth today—genomic, physiological, and metabolic—along with an
understanding of how life diversifies to occupy its multitude of ecological niches. The resulting
models would not only predict the most likely early life-sustaining metabolic strategies, but also
their distribution along various dimensions of geochemical variation. This framework could then
guide strategies to detect life as well as inform our understanding of Earth’s past.

Within the general theme of biological-environmental interactions, many of the divisions we have
drawn are artificial and were made to serve the organization of this document. In reality, the
interactions on different temporal scales can inform each other—studying processes on one scale
can provide insight into processes on a different scale.

One such approach to studying the mechanisms by which living systems interact with the
environment is at the microbial scale. Life on other worlds is most likely to include microbes, and
any complex living system elsewhere is likely to have arisen from and be founded upon microbial
life. Important insights on the limits of microbial life can be gleaned from studies of microbes on
modern Earth, as well as their ubiquity and ancestral characteristics.

On a planet-wide scale, each of the different habitable states evidenced in Earth’s history
represents a potential test case for life on other planetary bodies. Exoplanet discovery and
observation is proceeding rapidly, with thousands of worlds discovered in the last few years alone.
The difficulty of characterizing the diversity of these worlds can be alleviated by a better
understanding of the range of habitable states over Earth’s history. There is a need to use
properties measured for an exoplanet (such as atmospheric composition or surface temperature)
to infer habitability. The early Earth provides a way of calibrating this approach, whereby we can
infer or model a given composition for the ancient atmosphere as the sum total of specific physical
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and biological processes on and within Earth, and how and why those interacted and co-evolved
over time.

Further, a major aspect of studying the co-evolution of life and Earth is to utilize our understanding
of modern Earth, as a potential analog, to inform our understanding of Earth’s past. Linking the
modern to the past, however, is limited by inherent biases and gaps in the Tree of Life, therefore
requiring a robust and intricate understanding of the feedbacks between modern life and their
environments.

By reconstructing the Earth system at different stages of its evolution, we can build a catalog of
properties and biosignatures on Earth, had it been viewed remotely at different stages of its ~4.5-
billion-year existence. Thus, efforts to understand our own origin, evolution, and future also provide
critical and complementary data to exoplanet research, including distinct glimpses of habitable
worlds that all offer opportunities to understand how we would recognize and characterize a
habitable planet.

Over the past ten years, we have made major strides in our understanding with the advent of
genomics, proteomics, metallomics, etc. These advances have dramatically expanded our ability
to study the diversity of life on present-day Earth, to elucidate the history of diversity through time,
and to propose linkages between biological diversity and environmental parameters. Meanwhile,
the use of new geochemical tools has uncovered or clarified pages in the history of Earth and
highlighted times when the planet underwent transitions between different states—such as from an
oxygen-poor to oxygen-rich ocean/atmosphere system. Many of these transitions have been driven
by biological activity, presenting us with new examples of the intricate and complex relationships
between life and the planet it inhabits.

4.3 PROGRESS IN THE LAST TEN YEARS

The following are a few examples of research in the past ten years that have advanced our
understanding about the co-evolution of life and the environment.

1. Mineralogy, one the oldest subfields of Earth sciences, has long relied on
categorization without the context of planetary evolution. Recent work on analyzing
mineral evolution in the framework of planetary processes, including the evolution of
life, has opened up a new way of studying planetary systems. This reframing of
mineralogy in the context of “deep time” has been characterized by Science
magazine as "the first paradigm shift in mineralogy in 200 years."

2. Significant progress has been made in our understanding of the interplay between
surface life and the evolution of Earth’s interior, showing that, through the subduction
of deep-sea sediments, biological processes strongly influence mantle concentrations
of nitrogen, carbon, and even uranium.
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Understanding the history of Earth’s biosphere involves understanding physical
conditions on the early Earth, when the Sun was up to 30 percent dimmer than it is
today. With that much less energy delivered to it, early Earth theoretically should
have been encased in ice. However, new research has found that an abundance of
greenhouse gases most likely kept Earth warm during the geologic eon preceding the
proliferation of complex life. Understanding the changing composition of those
atmospheric gases and their relationships with the ocean, solid Earth, and life is a
critical area of inquiry related to sustained and dynamic habitability on and beyond
Earth.

Biofilms are microbial communities linked together by sticky extracellular materials
produced by the microbes. Astrobiologists have shown for the first time that biofilms
may have a number of evolutionary advantages including protection from harmful
radiation in the absence of an ozone shield and against toxicity of specific minerals in
the environment.

Astrobiologists have identified a method of tracing the history of large impacts with
the early Earth by studying impact-shocked zircons. Furthermore, analysis of 2.5-
billion to 4.4-billion-year-old zircons indicates that weathering was intense on the
early Earth and strengthens the hypothesis that a differentiated crust formed on Earth
as early as 4.4 billion years ago, that liquid water oceans formed before 4.3 billion
years, and that Earth became habitable as much as 800 million years before the
oldest known microfossils.

Banded iron formations
appear to reflect a time
in Earth’s past when
iron was cycled quite
differently than it is
today. Recent research
shows that these
ancient iron-rich rocks
were formed by
microbial processes
and also that the

. FIGURE 4-2. Banded iron formation (BIF) frm Australia.
inventory of these rocks Source: Image from Zamora 2015.

may be much larger

than previously

thought. These findings indicate that virtually all of the iron in use today was
processed by microbes billions of years ago.

In recent years, astrobiologists have been deepening their understanding of a period
in early Earth’s history long known for oceans rich in dissolved iron. Studies suggest
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that Earth’s oceans were nearly or completely devoid of oxygen and rich in
hydrothermally derived dissolved iron for at least the first 1 billion to 2 billion years
(and potentially the first 4 billion years) of the planet’s history. Recent analyses point
to a new understanding of how life evolved to incorporate iron into the intracellular
metabolic processes known in all modern day life forms. Recent research is also
leading to an emerging understanding of the potential antiquity of the utilization of
iron as a source of extracellular chemical energy (that is, food), as well as for
intracellular metabolism, in microbial life.

Studies of some of the oldest sedimentary rocks in the world—the 3.5-billion-year-old
Strelley Pool Formation in Western Australia—provide the best evidence to date for
the earliest life on Earth. This formation contains a reef-like assembly of laminated
sedimentary carbonate accretion structures known as stromatolites. Given the
evidence for photosynthetic life provided by ancient stromatolites (fossil microbial
communities), recent work suggests that an important photosynthetic pathway in the
ancient oceans may have been anoxygenic photosynthetic iron oxidation. Also, while
it is generally assumed that life on Earth around 3 billion years ago consisted of
simple single-celled archaea and bacteria, astrobiologists have recently found
evidence of 3-billion-year-old microfossils of plankton that inhabited the early oceans,
suggesting that life diversified very quickly.

FIGURE 4-3. Representative images of stromatolites, the oldest known ecosystem on Earth. (a) Ancient stromatolites
from the 2.72 Ga Meentheena Member, Tumbiana Formation, Fortescue Group, Western Australia. Photo by David
Flannery. (b) Living stromatolites from Carbla, Hamelin Pool, Western Australia. Photo Credit Jamie Foster and Pam
Reid. (c) Confocal micrograph of living stromatolite community from Highborne Cay, The Bahamas. Photo credit
Jonathan Franks and John Stolz.

9. Recentresearch aimed at unraveling the details of the so-called “Great Oxidation

Event” (GOE) on the early Earth, around 2.4 billion years ago, provides evidence for
local, shallow oxygen oases before the atmosphere became “oxic”. New work also
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indicates that this “event” was not a simple process or a single dramatic rise. Studies
have elucidated the biological impact of this event, examining the evolutionary history
and the metabolic and biosynthetic pathways of extant microorganisms and exploring
the fossil record of the evolution of cyanobacteria and the first appearance of
microbes that utilize aerobic metabolisms. Progress has been made in understanding
the controls and delays behind the timing of oxygen accumulation in the atmosphere
and oceans and their associations with the evolution of life. In addition, much
attention has turned to the interval between the GOE and the much later rise of
animals and other diverse complex life. This period is marked by the development of
eukaryotic organisms, but at generally low abundances and diversity relative to the
major events that followed just before, during, and after the Snowball Earth
glaciations. New models are emerging for the throttles and tipping points in biotic and
environmental co-evolution, including extreme climatic and atmospheric change.

FIGURE 4-4. An artist’s rendering of Snowball Earth, which are theorized periods of
Earth’s past where Earth’s surface was mostly, or entirely, frozen. These proposed
global ice ages represent one of the most extreme climactic changes in Earth’s
history. Source: Image from Hadhazy 2015, NSF.

10. Astrobiology research has continued to expand the limits of life. Recent discoveries

of microbial life existing, and potentially even thriving, in rarified atmospheres under
intense radiation, turbulent flow, dry freezing cold, and ultra-low pressure extend the
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boundaries of where to look for evidence of life (existing or extinct) beyond Earth, and
also point to the possibility of a wider variety of mechanisms for the distribution of life
in the Universe.

4.4 AREAS OF RESEARCH WITHIN CO-EVOLUTION
OF LIFE AND THE PHYSICAL ENVIRONMENT

I. How Does the Story of Earth—Its Past, Present, and
Future—Inform Us about How the Climates, Atmospheric
Compositions, Interiors, and Biospheres of Planets Can
Co-Evolve?

Il. How Do the Interactions between Life and Its Local
Environment Inform our Understanding of Biological and
Geochemical Co-Evolutionary Dynamics?

lll. How Does Our Ignorance abhout Microbial Life on Earth
Hinder Our Understanding of the Limits of Life?

|. How Does the Story of Earth—Its Past, Present, and Future—
Inform Us about How the Climates, Atmospheric Compositions,
Interiors, and Biospheres of Planets Can Co-Evolve?

Earth’s history comprises a series of discrete states of habitability. Viewed along the axis of time,
the Earth has effectively been many habitable planets, each characterized by different internal
feedbacks and external forcings. Understanding how each of these states was initiated and
maintained, as well as the processes that governed the transitions into succeeding states, will form
an important constraint on understanding habitable states on other planets.

Key Research Questions

How do interactions between life and its environment affect Earth’s ability to retain
habitability?

Earth has remained a continuously-inhabited planet despite extreme and sometimes rapid
changes to Earth’s surface chemistry and physical processes, as well as singular events
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such as large impacts, changing solar luminosity, a fundamental shift from a reducing to
an oxidizing world, changing plate tectonics and continental expressions, and the
progressive emergence of biological innovation. However, this continuity belies a long
evolution through a series of discrete states of habitability across wide-ranging redox and
climatic conditions, nutrient cycling, etc. Each state, although an independent window of
persistent habitability, is a legacy of previous conditions and precursor of those to follow,
and much of the story lies with the tectonic, climatic, and evolutionary drivers that tip Earth
from one stable state to the next.

Systems evolve from state to state under the influence of internal feedbacks and external
forcings. This evolution is tracked by measuring state variables (e.g., atmospheric
composition, the compositions of sediments and sedimentary rocks, the presence or
absence of key metabolic processes, etc.). States that persist over time may be inherently
stable or may simply represent long-term transitions between stable states. Understanding
the processes that move complex systems between states is important for developing and
testing hypotheses about complex cause-and-effect relationships (e.g., the timing of the
oxygenation of the atmosphere and the evolution of oxygen production). Characterizing
and quantifying the diverse states that the atmosphere/biosphere/solid Earth system has
occupied, and determining the critical processes that governed its evolution will need to be
coupled with mechanistic modeling to better understand how state variables measured on
other planets may reflect their evolution and habitability.

How have processes in Earth’s interior and their surface manifestations shaped
habitability, and how does life affect these physical processes?

The trajectory of Earth as a habitable—and inhabited—world is strongly shaped by the
evolution of its interior, and the same will be true of all rocky planets. Heat dissipating from
Earth’s interior drove the prebiotic chemistry that may have set the stage for life’s
beginnings in deep sea hydrothermal systems and enables its persistence in the deep sea
and deep crust. Once established, the co-evolution of Earth and life was fundamentally
shaped by plate tectonics—a manifestation of the cooling and chemical differentiation of
the planet—which regulates the larger-scale recycling of the bio-essential elements (e.g.,
C, S, O, N, P, and Fe), the nature and formation of the crust, and the exchange of volatiles
between Earth’s interior and surface. Conditions at the surface are also modified by Earth’s
magnetic field—driven by the dynamics in the core—which shields the atmosphere from
charged particles. The emergence and expansion of an extensive biosphere is therefore
intimately linked to the physics and chemistry of Earth’s accretion and differentiation; to the
physicochemical dynamics of the core, mantle, and crust; and to the evolving internal
inventory of radiogenic and volatile elements.

Despite the centrality of plate tectonics, there is much debate about when it began and
how its initiation was affected by the conditions set during accretion, great uncertainty
about its drivers, and more questions than answers about its relationship to major changes
in the biosphere. Provocative new theories even postulate that plate tectonic processes do
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not simply place boundary conditions on surface habitability, but are themselves affected
by life-driven processes such as Earth’s surface oxygenation, which modifies the
composition of materials that subduct back to the interior. As we deepen our understanding
of these issues on Earth, we will derive general principles that can be extrapolated to
understand the prospects for life on rocky worlds that differ from Earth in mass, elemental
composition, and volatile inventories.

Full exploration of these topics requires integration across a range of disciplines and
techniques, including perspectives and approaches from planetary science, deep Earth
geophysics, and biogeochemistry, combined with better empirical constraints on heat flow
evolution, properties of mantle materials, tectonic dynamics, more advanced quantitative
models of early planet evolution, and explicit linking between evolutionary models of
geodynamics, tectonics, atmospheric chemistry, and biological evolution through time.

How have climate and atmospheric processes shaped habitability, and how does
life affect these physical relationships?

The oldest signs of animal life appear in the geologic record between about 600 and 700
million years ago. For the four billion years prior to this milestone, our planet experienced
dramatic change that paved the way for the early animals—and our own existence.

One such transformation was the first significant increase in atmospheric oxygen roughly
two-and-a-half billion years ago, perhaps the single most important environmental change
in Earth’s history. This oxygenation, triggered by the advent of oxygenic photosynthesis by
cyanobacteria, and balanced with reduced gas fluxes from Earth’s interior, may have
spawned global glaciation through destabilization of a greenhouse climate linked to
methane and other reduced compounds. This climatic extreme, along with intense
oxidative weathering of the continents, likely spurred enhanced nutrient delivery to the
ocean that furthered the process of oxygenation and the eventual appearance and
diversification of eukaryotic organisms. Almost two billion years later, oxygen rose again
coincident with the formation and break-up of a supercontinent, another episode of global
Snowball Earth glaciation, dramatic diversification among eukaryotic organisms, and the
emergence and diversification of animals.

The cause-and-effect relationships among these first-order tectonic, climatic, and
evolutionary controls, including dramatic shifts in the way carbon is cycled at Earth’s
surface, are at the heart of our understanding of the nature and persistence of habitability
of Earth and the value of Earth’s history in providing analogs for life elsewhere. Important
research opportunities lie with our need to unravel these coupled relationships, and
specifically their timings. Basic questions such as the detailed relationships between
animal life and the rise of oxygen and specific triggers of global climatic events remain
unresolved. What is known, however, is that biology is essential in both the stabilizing
feedbacks that have dominated over the long-term, and in runaway feedbacks that have
caused rapid, short-term changes.
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FIGURE 4-5. Summary of trends and milestones in the biotic and abiotic evolution of the Earth surface system: a) Earth’s
atmospheric oxygen content through time [from Lyons et al, 2014; faded red curve shows classic ‘two-step’ model;
blue curve depicts emerging model with a more dynamic pattern of rising and falling oxygen levels; PAL = Present
Atmospheric Levell; b) historical record of microbial metabolisms and key environmental events captured in
paleontological, isotopic, elemental, and organic geochemical data [after Lyons et al., 2015]; c¢) diverse models for
crustal growth compared to age distribution of crust preserved today [after Cawood et al., 2013]; d) summary of
chromium isotope data as a proxy for evolving atmospheric oxygen content—largely unfractionated early values
relative to high-temperature Cr sources [gray bar] suggest a predominance of low atmospheric oxygen levels prior to
~0.8 to 0.75 billion years ago, a milestone marked also by dramatic diversification among complex life. Source: Image
modified from Planavsky et al. 2014. Reprinted with permission from AAAS.
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Recent analytical developments, novel geochemical tracers, sophisticated numerical
approaches, and greatly improved age control are allowing us to explore the dynamic
compositions of the early atmosphere and oceans and their cause-and-effect relationships
with climate and life in unprecedented ways. Recent work shows, for example, that the
initial rise of oxygen may have occurred in fits and starts rather than in a single step—and
that once it was permanently present in the atmosphere, oxygen likely rose to high levels
and then plummeted. One-and-a-half billion years of oxygen-free conditions in the deep
ocean followed and set a challenging course for the simple microscopic inhabitants. This
is a story of first-order (large-scale, long-term, easily sensed) transitions in climate and
atmospheric composition reflecting first-order tectonic and climatic drivers, and the best
understandings lie with the feedbacks and tipping points that bind biospheric oxygenation,
climate regulation, and evolving life.

Within this framework, we must also consider the potentially deleterious relationships
between changing environments and life. For example, the advent and proliferation of
methanogenesis could have had an impact on the concentrations of multiple greenhouse
gases, including carbon dioxide, hydrogen, and methane. Higher rates of organic material
production from photosynthesis could have intensified methane production, and may have
even led to the formation of a sunlight-blocking organic haze. Conversely, the advent of
methanotrophy, and the increasing importance of this process during the oxidation of the
surface environment, would have consumed methane and lessened the effects
atmospheric organics had on climate. The Snowball Earth event that coincided with the
rise of oxygen may have been triggered by this collapse of atmospheric methane. This
climate extreme, including associated positive albedo feedbacks, could have driven life to
its limits were it not for stabilizing carbon dioxide feedbacks that involve the atmosphere,
oceans, and solid Earth. Similarly, fundamental shifts in the redox state of Earth’s
atmosphere, from reducing to oxidizing, changed ecosystems profoundly.

How do studies of Earth’s deep history inform our understanding of future
changes to Earth’s environment?

Just as “the present is the key to the past” in considerations of Earth’s future, the past also
is key in these considerations. Meaningful extrapolations of future processes can be made
based on the rich record of coupled changes in Earth systems, combined with well-
understood future changes in solar luminosity and Milankovi¢ (orbital) forcings, in addition
to less well-understood but physically-modeled changes in systems such as future
magnetic field reversals and long-term cooling of Earth’s interior. Among the questions in
this area that could benefit from future research are perturbations to the carbon cycle due
to changes in the amount of radiation received from the Sun and adaptations in
photosynthesis in response to altered atmospheric composition.

Study of past responses of the Earth system to environmental perturbations can help us
predict the response to ongoing and anticipated anthropogenic changes. For example,
among the major concerns on the current list of global change linked to human activities is
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decreasing oxygen content in the ocean. In part, this process is tied to accelerated nutrient
delivery to river systems through urban runoff and agriculture. Also critical, and related, is
decreasing oxygen solubility in seawater under rising sea-surface temperatures. Studies
of the past, now with increasing accuracy, are showing the range of possibilities for oxygen
deficiency in the ocean and allow studies of the full redox landscape (from oxygen-rich to
oxygen-poor to oxygen-free and hydrogen-sulfide-containing). The landscapes include
quantitative estimates of the global distributions of specific redox conditions in the ocean,
including those during the so-called Mesozoic Oceanic Anoxic Events and during the
generally oxygen-lean Precambrian. Most importantly, the mechanistic underpinnings of
those conditions and the transitions among changing redox states are emerging. Key
factors reflecting a changing climate include evolving nutrient delivery to the ocean and the
feedbacks that control distributions in time and space of primary production in the ocean,
such as long-term phosphorus inputs and internal nitrogen cycling and its ties to essential
micronutrients. From this platform, we can predict what is possible in the future ocean,
relationships to specific drivers of change, and the positive and negative feedbacks that
can both accelerate and temper oxygen loss.

Ongoing changes to the oxygen content of the modern ocean highlight an important facet
of using Earth as a natural laboratory for exploring habitable planets—the importance of
considering the future of the biosphere and the duration over time of terrestrial habitability.
Is the accumulation of significant quantities of molecular oxygen and ozone an inexorable
process on a planet with oxygenic photosynthesis? If so, what does this require/imply about
the early inventory of reducing volatiles on Earth and their atmospheric escape
mechanisms, and how broadly applicable can we expect such features to be? Is such a
process necessarily unidirectional—in other words, how much longer into Earth’s future will
the atmosphere be strongly oxidizing, and by what mechanisms could Earth’s surface
become reducing again? Conversely, is it possible that hydrogen escape through the top
of the atmosphere could lead to further oxidation of the surface and near-surface parts of
the Earth system? Are there asymmetries in the relative stabilities of either of these states,
and to what extent does such stability rely on initial conditions?

How do modeled or hypothesized future Earth states inform our understanding of
habitability?

Some portion of the nearby exoplanets observed in the future will likely be considerably
older than our Solar System and/or have biospheres where complex life arose earlier than
on Earth. To the extent that we can constrain possible future states of Earth, we will be
better able to recognize and characterize Earth-like exoplanets at analogous evolutionary
stages. Thus, the study of future-Earth states expands the range of likely exoplanet
evolutionary stages that can be linked to the more accessible story of our home world. For
these reasons, it is important to know how continued changes will impact the future
habitability of the planet, alter geochemical cycles, and change atmospheric gas
concentrations.
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Broadly speaking, there are two aspects to this question. We can focus on the long-term
evolutionary changes that would befall Earth, and similar planets, in the absence of human
influences. Additionally, we can look at anthropogenic changes that increasingly dominate
Earth, and ask whether this defines a separate significant category of change that might
be key in determining the future habitability of Earth and the later stages of some planets
with complex life.

Over hundreds of thousands or even millions of years, Earth’s climate will be greatly
influenced by increases in solar luminosity as the Sun continues its main-sequence
evolution. Research should consider what other factors can influence the future climate
system, such as biogenic gases and geochemical cycles. In particular, we need to evaluate
the effect of feedback cycles operating on long timescales. It is also important for such
work to evaluate how universal such climate evolution might be before we use the future
Earth as a proxy for older, evolved, habitable planets.

It will also be important to consider how changes to Earth’s biosphere, induced by
increased solar luminosity, will impact biogeochemical cycles absent human interference.
For example, future evolution may alter fluxes of greenhouse gases to the atmosphere or
shift rates of organic carbon burial. Also, when solar luminosity has substantially increased,
it is likely that the temperature-CO2-weathering feedback will reduce CO: to extremely low
levels, possibly driving evolution of new photosynthetic systems, which, in turn, will
feedback into an altered atmospheric composition.

Looking at the increasingly dominant role of human industrial activities in altering the
atmosphere, climate, biodiversity, and the hydrological and geochemical cycles of Earth,
we must consider the role of humanity in the future of Earth’s habitability. In the near term,
anthropogenic release of COz into the atmosphere is a significant driver of climate change.
Given the size of hydrocarbon reservoirs that might be oxidized by humans, future work
should consider the impact of possible future fossil fuel use on Earth’s habitability by
looking, for example, at an expected climate and geochemical cycling under a 4,000 parts
per million CO2 atmosphere (which is consistent with the most extreme scenarios
presented by the Intergovernmental Panel on Climate Change). It might also be possible
to understand at what point in the future short-term CO: increases can push the Earth into
a moist or runaway greenhouse condition.

As astrobiology concerns itself with the relationship between planets and life, the
anthropogenic transition